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ABSTRACT 

 
High power converters are widely used in many industries. At power levels in the 

range of Mega Watt (MW), power conversion at medium voltage (MV) is preferred 

due to better efficiency and lower cost. For medium voltages applications, 

multilevel converters are widely adopted due to the features they offer with respect 

to two-level converters. Cascaded H-bridge topology is a widely adopted multilevel 

topology because of its modularity, scalability, and reliability. The conventional 

cascaded H-bridge topology allows two-quadrant operation. In order to allow four-

quadrant operation, an active front end version of the cascaded H-bridge topology 

has been proposed in literature and recently commercialized.  

In the field, power converters operates under harsh loading and 

environmental conditions. The resulting stresses imposed on converter components 

cause their gradual degradation.  In cascaded H-bridge converters, typically power 

cell components such as power modules, DC-bus capacitors, and control PCBs are 
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highly stressed. Under these stresses power cell components degrade and require 

replacement in the field, otherwise unexpected failures may occur.  

The thesis aim is to address power cell components reliability through 

proposing novel regenerative cascaded H-bridge converter control schemes to reduce 

components stresses and failure probability without increasing size, cost, or 

complexity. First, a novel PWM active front end control scheme has been proposed 

to reduce the inherent ripple current stresses on the DC-bus capacitors. Second, 

the thesis proposes a novel grid or near grid switching frequency front end control 

scheme to reduce stresses on power modules and the power cell cooling 

requirements. Third, novel cascaded H-bridge front end control schemes are 

proposed to reduce the sensor count, thereby decreasing failure rate and cutting 

down cost.  The proposed work has been thoroughly validated through detailed 9-

cell regenerative cascaded H-bridge system simulation and experimentation. 
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Chapter 1  

 

Introduction 

 

1.1. Motivation 

High power converters are widely used in many industries, such as oil and gas, 

chemical and petrochemical, mining, metal, cement, power generation and utility, 

water treatment, marine propulsion, railway traction, special machinery, etc [1].  In 

most of these industries, the main application of power converters is motor drives, 

in which they are used to control the torque and the speed of the electric machine 

by controlling the fixed voltage and frequency provided by the utility line [1]. 
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Voltage source topologies dominate the high power converter market.  High 

power voltage sources converters can be categorized into two-level converters and 

multilevel converters. For power levels in the range of Mega Watt (MW), nominal 

currents reach levels where power conversion at medium voltages is more efficient 

than at low voltages [2].  

 At medium voltages, multilevel converters are widely adopted due to the 

features they offer with respect to two-level converters such as reduction in the 

total harmonic distortion of output AC voltage waveforms, switching losses, (dv/dt) 

voltage stresses [2]. Cascaded H-bridge (CHB) [2, 6, 7], Neutral point clamped 

(NPC) [2, 6, 7], and Modular multilevel (MMC) [2, 6, 7] are examples of widely 

adopted multilevel converter topologies, which are offered by several manufacturers 

in medium voltage power conversion market [8-17]. 

Because of its near sine output AC waveform, modularity, scalability, ease of 

maintenance, and fault tolerant capability; CHB converters are widely offered by 

almost all the manufacturers [18-28]. The conventional CHB topology is composed 

of multiple isolated H–bridges power cells with diode front ends (DFE). The H-

bridges are connected in series to synthesize the required medium voltage as shown 

in Fig. 1.1 [28]. 



Ph.D. Thesis – Ahmed Abuelnaga       McMaster University – Electrical Engineering 

3 

 

DFE power cells allows the CHB drives to operate in two quadrants. This 

does not cover industrial drive applications which require braking capability such 

as fast braking of high inertia fans or negative torque capability such as downhill 

conveyors as shown in Fig. 1.2 [29-33]. In order to allow regeneration capability in 

CHB topology, diode front-ends (DFE) are replaced with active front-ends (AFE) 

in power cells as shown in Fig. 1.3 [34-38].  

M

Phase Shifting 
Transformer

A B C

Power 
Cells

Grid

 
 

 
 

(a) Topology (b) Conventional Power Cell 

Fig. 1.1 Conventional CHB Converter in Drives Application [29-33] 
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Fig. 1.2 Downhill Conveyor System [1]. 

 

Effective 
Inductance 

 

Fig. 1.3 Regenerative CHB Converter Power Cell Equipped with AFE [34-38]. 

Although various power cell topologies have been proposed in literature [34-

42], the first CHB drives with regenerative capability have been introduced in the 

market recently [39]. This has opened the door for CHB converters to compete 

strongly against other converter topologies in regenerative market segment  

Typically, medium voltage power converters in general and motor drives in 

specific operate under harsh loading and environmental conditions [43]. 

Accordingly, degradation and failures take place in the field. Failures may result in 
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extended down times and production loss, property loss, or safety hazard situations. 

Typically, a converter fault or failure results from a fault or a failure in its 

components and these faults and failures are attributed to overstress and gradual 

wear-out [43]. Commonly, components overstress arise from the unexpected loading 

conditions either related to the grid or the load, or related to system issues such as 

control system or ventilation system issues [43-56]. Effective protection schemes are 

employed to limit the possibility of these overstress events. Regarding components 

wear-out, various factors such as converter topology, application, and field 

conditions play an important role in accelerating wear-out, which compromises 

converters long-term reliability [43-57] According to field failure surveys, thermal 

stresses are the main cause for converters’ components degradation followed by 

humidity, and contamination [45].   

Considering CHB converters, high portion of converter faults are attributed 

to power cell failures, significant portion of these failures are due to overstress of 

power semiconductors, DC-bus capacitors, and other power cell components such 

as gate drivers, and cell controllers [28-30, 57-109]. Aside from overstress, the long-

term reliability of the power cell components is crucial as stresses imposed on power 

cell components are intense. The reason is that power cell components are densely 

packed inside the cell and are required to operate under demanding conditions [33, 
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59, 61]. In addition, the specifics of the CHB topology add more stresses on power 

cell components such as DC-bus capacitors [58]. 

 Addressing these power cell long-term reliability challenges is of a significant 

importance practically and academically as it helps reducing down times, 

production loss, maintenance costs, in addition to prevention of catastrophic 

failures.  Addressing reliability issues is performed either in design stage or in field 

operation [45, 110-120]. At design stage, better designs that suffer less stresses and 

as a result less degradation effects are been searched for [45, 110-116]. At the field, 

the aim is to prevent failures before happening through tracking converters’ 

conditions [117-120]. 

1.2. Research Objectives and Challenges 

The thesis work focuses on addressing regenerative CHB topology reliability during 

design stage through developing novel front ends control schemes to:  

1. Reduce components stresses to improve long-term reliability 

2. Reduce component count to reduce failure random probability 

3. Other system benefits (e.g., Cost, Size) 

The significant reliability challenges facing typical regenerative power cells to 

be covered in the thesis work are as follows: 
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1. Capacitors are one of the most vulnerable components in the power 

converters [45-47, 83]. This vulnerability is more critical in the CHB 

topology. In order to achieve the required total energy storage, cost-

effective high-capacitance capacitor technologies such as Aluminum 

electrolytic are employed [83-85]. This capacitor technology degrades in an 

accelerated fashion under ripple current stresses. Accordingly, CHB drives 

manufacturers are required to employ stringent preventive maintenance 

routines to prevent unscheduled downtime caused by DC-buses capacitors 

degradation [28, 58-60]. One solution is to reduce these stresses is through 

increasing the capacitance value; however, this leads to increase in power 

cell size and cost. 

2. Typical active front ends employ sinusoidal PWM modulators to satisfy 

grid connection harmonic requirements. Commonly switching frequency is 

set up to 2 kHz to 4 kHz [32, 34-38]. On one side, this reduces additional 

cell input filter requirements. On the other side, this leads to increased 

switching losses of power devices resulting in high cycling temperature 

stresses on power devices, which degrades the mechanical packaging of 

power switches, and eventually leads to power switches failures [77, 78]. 
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One solution is to increase the heat sinks and cooling requirements; 

however, this leads to increase in power cell and system size, and cost. 

3. The conventional active front end control employs AC voltage sensing for 

grid synchronization, current sensing for current control and DC voltage 

sensing for DC-bus voltage regulation [34-38]. Scaling up these sensing 

requirements to n-cells per phase CHB drive results in a huge addition of 

circuitry in comparison to the DFE CHB topology, which increases random 

failure probabilities. 

In addition, transmitting these additional measurement signals to a 

centralized control as in the case of DFE CHB is not practical, therefore, 

cell based AFE controller implementation is the preferred option. However, 

embedding additional sensing and control circuitry to the densely-packed 

power cell operating in harsh conditions compromises power cell’s circuitry 

reliability. To mitigate possible reliability issues, one solution is to employ 

larger size or higher cost power cell designs, which is practically  

undesirable.  
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1.3. Contributions  

This thesis focuses on improving the power cell reliability of the regenerative CHB 

drive. The author has contributed to several original developments, which are 

presented in the thesis and briefly summarized as follows: 

1. A regenerative 9-cell CHB drive experimental setup has been developed 

for testing and validation. 

2. A novel AFE controller with pulsating power flow control to reduce 

thermal stresses induced by ripple currents in DC-bus capacitors. 

3. A novel front end based on grid or near grid frequency switching to 

reduce thermal stresses induced by high switching frequency in 

switches and reduce heat sink size. 

4. A novel front end control to reduce sensors count and minimize 

modification for the existing diode front ends through centralized 

control.  

 

In addition to the thesis work, the author has participated in other industrial 

research projects.  
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1.4. Thesis Outlines 

The thesis structure is as follows: 

Chapter 2 provides a review on medium voltage converters topologies in 

general and cascaded H-bridge converter in particular. 

Chapter 3 presents a review on failures and reliability of cascaded H-bridge 

converters. First, it discusses field failures of medium voltage converters followed 

by field failure of cascaded H-bridge converter. Then it discusses long-term 

reliability issues arising in CHB power cell due to the degradation of power 

semiconductor modules, DC-bus capacitors, and signal PCBs.  

Chapter 4 discusses the experimental implementation of a scaled-down version 

of a 7-level regenerative CHB drive. The discussion covers both the hardware and 

the firmware aspects of the setup.  

Chapter 5 introduces power cell inherent power unbalance and the consequent 

impact of ripple currents on DC-bus capacitors lifetime. Subsequently, it discusses 

the specifics of design new AFE controller with pulsating power flow capability. 

This part includes the theory and the state-of the art, a discussion about multi-

frame of reference current control, and a discussion about pulsating power angle 

estimation. Afterwards, the proposed AFE control structures involving the 

proposed multi-frame of reference current control and the proposed pulsating power 
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angle estimator are illustrated in details. Finally, simulation and experimental 

validation are provided. 

Chapter 6 reviews the conventional PWM-based AFE control and consequent 

thermal stresses, power switches lifetime, and cooling requirements. Afterwards, it 

discusses the specifics of designing a new front end based on grid or near grid 

frequency switching. This part includes the theory and the state-of the art, and a 

discussion about integration to the phase shifting transformer. Then, the proposed 

novel front end control structures involving a proposed asymmetric delay angle 

control and a proposed voltage angle control are illustrated in details. Finally, 

simulation and experimental validation is provided. 

Chapter 7 reviews sensors and communication links requirements for the 

conventional AFE, with either centralized or decentralized CHB front end control 

schemes. Then, it discusses the specifics of designing a new CHB front end with 

reduced sensor count. This part includes front ends input voltage sensors and input 

current sensors elimination.  Afterwards, a proposed novel centralized CHB front 

end control structure involving a proposed AFE-based control with front ends input 

voltage measurements elimination, a proposed AFE-based control with front ends 

input current measurements elimination, and a proposed grid switching frequency 
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AFE-based control with front ends input measurements elimination are discussed 

in details. Finally, simulation and experimental validation are provided. 

Chapter 8 provides conclusions of the thesis and the future work. 
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Chapter 2  

 

Medium-Voltage Converters 

and Motor Drives 

This chapter presents an overview on high power converters in general with focus 

on cascaded H-bridge topology in motor drives applications. 

 

2.1. Variable Frequency Motor Drives 

High power converters serve in converting power from AC to DC and DC to AC in 

many industries such as oil and gas, chemical and petrochemical, mining, metal, 

cement, power generation and utility, water treatment, marine propulsion, railway 

traction, etc. [1]. In these industries, power converters are utilized in different 
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applications including pumps, fans, compressors, conveyors, hoists, extruders, mills, 

reactive power compensation, utility energy storage, wind power generation, oil 

tankers, container ships, high-speed trains, locomotives, etc. [1].  Most of these 

applications involve electromechanical energy conversion, thereby; they use electric 

motors or generators. In these applications, the role of the power converter is to 

control the torque and the speed of the electric machine by manipulating the fixed 

voltage and frequency provided by the utility line and providing variable voltage 

and frequency to the electric machine. Accordingly, process goals such as controlling 

the fluid flow in a pump or the power generated from a wind turbine is achieved. 

Commonly, power converters that control motors in a process are referred to as 

variable-frequency drive (VFD) or motor drives.  Fig. 2.1 shows an illustration for 

a motor drive in an industrial process. A more detailed illustration of the motor 

drive components is shown in Fig. 2.2. 

 

Fig. 2.1 Motor Drive in Industrial Process. 
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Fig. 2.2 Motor Drive Structure [2, 3]. 
 

Typically, motor drives’ power converters consist of: 

− A transformer, depending on the power converter topology, it can be two-

winding mainly used for stepping up or down the voltage and preventing 

zero sequence currents; or phase shifted multi-winding used for reducing line 

currents distortion or other topology specific reasons. The transformer may 

be placed in the same enclosure with the converter or placed in a separate 

compartment. 

− A converter, used for converting AC voltage to DC voltage. It can be either 

uncontrolled or controlled depending on the system requirements. In 

addition, it can allow bi-directional power flow if sending power back to the 

grid (regeneration) capability is required.  

− A DC filter, used for de-coupling, smoothing, and energy storage. It can be 

either a capacitor to provide stiff DC voltage, or an inductor to provide stiff 

DC current depending on the topology. Converters relying mainly on DC 
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bus capacitors for bus storage are referred to as voltage sources converters 

(VSC), while converters relying mainly on DC bus inductors for bus storage 

are referred to as current sources converters (CSC). 

− An inverter, a voltage source inverter (VSI) is used for synthesizing variable 

magnitude and frequency AC voltage from DC bus voltage, while a current 

source inverter (CSI) synthesizes variable magnitude and frequency AC 

current from DC bus current. 

− An input line filter, used for reducing input line currents distortion in order 

to comply with the grid connection harmonic standards such as IEEE 519-

2014 [3, 4], if this cannot be achieved through the converter structure itself. 

− An output line filter, used for reducing output current harmonics or limiting 

dv/dt on the motor terminals. This is required if the converter itself cannot 

achieve the motor voltage waveform requirements or if long cables are 

required to connect the converter to the machine. 

In addition, optional input and output contactors, not shown in Fig. 2.2, may be 

added to some installations based on drive system requirements.  

High power voltage sources motor drives can be categorized into two-level 

converters (2L-VSCs) and multilevel converters. High power 2L-VSCs as shown in 

Fig. 2.3 are connected to low voltage (LV) motors and grid in the range from 400 
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to 690 V. Their power ratings range from few hundred kW to around few MW. 

Beyond these power ratings, current ratings will reach uneconomical values, 

therefore; medium voltage (MV) motors and grid connection is the optimal choice.  

There are several drawbacks when adopting 2L-VSCs for MV motors and 

grid. Fig. 2.4 shows MV 2L-VSC and its associated waveform. Motors will suffer 

from high voltage and current THD, high dv/dt, and high common mode voltage. 

These cause detrimental effects on the reliability of the motors, highly valuable 

asset, due to increased thermal and voltage stresses on motors windings and 

electrochemical stresses on motors’ bearings. In addition, under medium voltage, 

2L-VSCs should consider the tradeoff between using high voltage power switches 

or using series-connected lower voltage power switches, given the required switching 

frequency and the switching losses.  
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Fig. 2.3 Structure of a LV Converter in PowerFlex 750 Series [5]: 1) AC pre-charger, 

2) LCL filter, 3) Two-level Grid Connection Converter, 4) Two-level Inverter, 5) 

Cooling, 6) Controller Processor. 
 

 
(a) Topology 

 
(b) Voltage Waveform 

Fig. 2.4 Medium Voltage Two-level Converter [2]. 

 

All these factors in addition to the ability for retrofitting, advocate for the 

adoption of multilevel voltage source topologies. Compared to MV 2L-VSCs, MV 

multilevel topologies achieve lower motor side dv/dt, lower common mode voltage, 

lower harmonic distortion, lower devices’ switching frequency, higher system efficiency, 

and almost no power switches series connection requirement. Fig. 2.5 shows voltage 

waveform associated with multilevel topologies. 
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Fig. 2.5 Medium Voltage Multilevel Voltage Waveform [2]. 

 

Fig. 2.6 presents three topologies representing fundamental means for 

synthesizing multilevel voltage waveforms. These three topologies are neutral-point 

clamp (NPC), flying capacitor (FC), and cascaded H-bridge (CHB) [2]. Building 

upon these fundamental means, several medium voltage multilevel topologies exist 

in literature and industry such as neutral point clamped (NPC), neutral point 

piloted (NPP) or (T type), nested neutral point piloted (NNPP) or (stacked multi-

cell), flying capacitor (FC), five-level active NPC (5L ANPC), nested neutral point 

clamped (NNPC);  cascaded H-bridge (CHB), five-level NPC/H-bridge, modular 

multilevel (MMC) [6, 7].  

   

(a) NPC (b) FC (c) CHB 

Fig. 2.6 Basic Multilevel Topologies [2, 6, 7]. 
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Table 2.1 summarizes voltage source MV drive offerings and their topologies from 

leading motor drives manufactures. Fig. 2.7 provides the structure and topology for 

one offering. 

Table 2.1 Examples for Voltage Source MV Drives Offerings in the Market. 

Manufacturer Product Topology 
Rating 

(Air - cooled) 

Siemens [8] 

GM 150 NPC 
1 - 10 MW 

2.3 - 4.16 kV 

SM 150 Bi-directional NPC 
3.4 - 5.8 MW 

3.3 - 4.16 kV 

GH180 
CHB, 

Regenerative CHB 

- 10 MW 

2.3 - 11 kV 

GH150 MMC 
4 - 35 MW 

4.16 - 13.8 kV 

SH 150 
Bi-directional 

MMC 

4 - 16 MW 

3.3 - 7.2 kV 

ABB [9] 

ACS1000 NPC 
325 kW- 5 MW 

2.3 - 4.16 kV 

ACS2000 

ANPC 

Bi-directional 

ANPC 

250 kW- 3.68 MW 

4 - 6.9 kV 

ACS5000 5L-NPC/H-bridge 
200 kW- 36 MW 

6 - 13.8 kV 

ACS6000/6080 NPC 
3 kW- 36 MW 

- 3.3 kV 

ACS580MV CHB 
200 kW- 6.8 MW 

6 - 11 kV 

Rockwell 

Automation [10] 

PowerFlex 

6000 
CHB 

- 13 MW 

2.3 - 11 kV 

GE [11] 

MV6 

NNPP 

Bi-directional 

NNPP 

200 kW - 6.6 MW 

3.3 - 6.9 kV 

MV7000 
NPP, 

Bi-directional NPP 

700 kW - 10 MW 

3.3 - 6.6 kV 

Toshiba [12] T300MV2 

NPC 
220 kW - 2.2 MW 

2.4 kV 

NPC/H-bridge 
220 kW - 8.2 MW 

- 4.16 kV 

Hybrid CHB 220 kW - 6.7 MW - 6.6 kV 

5L-NPC/H-bridge 
5.2 MW - 7.5 MW 

- 6.9 kV 
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TMEIC [13] 

TMdrive-

MVE2 

Cascaded 

5L-NPC/H-bridge, 

Bi-directional 

Cascaded 

5L-NPC/H-bridge 

- 6 MW 

3 - 11 kV 

TMdrive-

MVG2 
CHB 

- 20 MW 

3 - 11 kV 

Yaskawa [14] MV1000 
Cascaded 

5L-NPC/H-bridge 

150 kW- 12 MW 

2.3 - 11 kV 

Schneider [15] Altivar1200 CHB 
315 kW- 16 MW 

2.4 – 13.8 kV 

Danfoss [16] VACON3000 NPC 
2.4 - 7 MW 

3.3 – 4.16 kV 

 

 
(a) TMdrive-MVE2 Structure 

M

Phase Shifting 
Transformer

A B C

Back-to-back 
NPC/H-bridge

Grid

 
(b) TMdrive-MVE2 Topology 

 

Fig. 2.7 Example for Medium Voltage Drives Offerings [17]. 
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2.2. Cascaded H-Bridge Drives 

2.2.1. Introduction 

As shown in Fig. 2.6, the CHB topology relies on series connected low voltage H-

bridges that are supplied from isolated power supplies in order to synthesize 

multilevel voltage waveform. Typically, three branches of the cascaded H-bridges 

representing the phases are connected in Star connection to form the three-phase 

inverter structure. This structure gives CHB topology some advantages over other 

MV multilevel topologies. The CHB topology employs low voltage IGBTs and DC-

bus capacitors compared to other topologies that employ medium voltage IGBTs, 

IGCTs, and DC-bus capacitors. In addition, the CHB topology does not have DC-

bus capacitors voltages balancing issues associated with neutral point connections. 

Moreover, it is a scalable topology, where increasing the number of levels and the 

inverter output voltage is achieved through adding more H-bridges in series. 

Furthermore, CHB modular structure simplifies converter design, easies 

maintenance, reduces repair downtime, and provides fault tolerant capability. All 

these benefits have led to the wide adoption of CHB topology in the medium voltage 

drive arena. In the market, there are several CHB motor drives offerings such as 

GH180 from Siemens [18], ACS580MV from ABB [19], PowerFlex6000 from 

Rockwell Automation [20], TMdrive-MVG2 from TMEIC [21], Altivar1200 from 
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Schneider [22], MVW3000 from WEG [23], HIVECTOL-HVI from Hitachi [24], 

VersaBridge from TECO-Westinghouse [25], N5000 from Hyundai [26], 

SILCOVERT TH from Nidec [27], etc. 

a)       Structure 

Practically, the CHB topology combines a phase-shifting isolation transformer and 

cascaded power cells. Fig. 2.8 shows a commercial CHB converter enclosure 

including a transformer section, power cells section, and control section. At the 

input side of the converter, the integration of isolation transformer serves three 

goals. First, it steps down the input voltage. Second, it provides multiple isolated 

secondaries. Third, it cuts down the input current total harmonic distortion (THD), 

due to the effect of phase shifting between secondary windings.  

 

M
Phase-Shifting 
Transformer

A B C

Power 
Cells

 
(a) Enclosure Structure from left to right: 

Transformer section, Power Cells Section, and 

Control Section. 
(b) Topology 

Fig. 2.8 PowerFlex6000 CHB [28]. 
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Therefore, the input side complies with IEEE 519 grid connection harmonic current 

standards with reduced sized or even without input side filter.  

The common CHB drives in the market are capable of two-quadrant operation 

or non-regenerative.  Accordingly, the power cells are composed of diode front-end 

(DFE), DC-bus capacitors, and H-bridge as shown in Fig 2.9.  

Output 
Terminal

Fuse

Secondary Winding 
Terminals

Heat Sink

DC bus 
Capacitors

Optical Fiber 
Connection to 

Power Cell Control 
Board

 
(a) Power Cell Enclosure Structure. 

 
DC bus Capacitor 

Network
Three-phase diode 
rectifier bridge

H-bridge 

Input U
Input V
Input W

Fuse 

Fuse 
Output A Output B

IGBT1 IGBT2

R

R

R

C

C

C

 
(b) Basic DEF Power Cell Topology. 

 

Fig. 2.9 PowerFlex6000 CHB Power Cell [28]. 
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The rectifier is responsible for sustaining the DC voltage on the DC-bus 

capacitors, while the H-bridge inverter synthesizes the DC voltage to produce AC 

voltage with variable frequency and magnitude. 

The output terminals of the power cells are series-connected in order to 

produce the voltage at motor terminal. Each power cell produces a low voltage 

step, which can be pulse width modulated to further reduce motor side THD. As a 

result, near sinusoidal motor voltage can be achieved, reducing dv/dt, harmonic 

currents, and torque pulsations at the motor, even at lower speed operation. The 

typical power cells ratings are presented in Table 2.2. 

Table 2.2 Typical Air Cooled Power Cell Ratings Ranges [28, 29].  

Input Voltage DC-bus Voltage Switch Frequency Output Current 

600 - 750 Vac 848 - 1060 Vdc 600 - 1200 Hz 40 - 680 A 

 

b)       Fault Tolerant Capability 

Each power cell has built-in diagnostic features. In case of power cell fault, the fault 

is detected and the faulty cell is identified and isolated from the rest of the converter 

by the means of the bypass contactor.   If the converter is not equipped with 

redundant power cells, still it can operate at reduced output voltage. Fig. 2.10 

illustrates fault tolerant capability of CHB topology. This feature maximize drive 

availability significantly and is considered an important merit of CHB topology 
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compared to other topologies such NPC or NPC/H-bridge which require the whole 

converter shutdown for all converter faults. 

Coil

Bypass 
Contactor

 

(a) Cell Bypass Contactor 

M

Phase 
Shifting 

Transformer

A B C

Grid

Faulty 
Cell

Bypassed 
Cells

 

(b) Basic Bypass Capability 

Fig. 2.10 CHB Fault Tolerant Capability [30]. 
 

c)       Cell Control 

Fig. 2.11 illustrates the basic control structure of the DFE-based power cells [31-

33]. Typically, the cell controller board and gate drivers receive their power supply 

from power cell’s DC-bus through an isolated switch-mode power supply. The cell 
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controller relays H-bridge PWM signals coming from the motor controller in the 

centralized controller to the gate drivers. In addition, the controller monitors DC-

bus voltage, gate drivers’ status, IGBT modules case temperature, heat sink 

temperature, etc. In case of abnormal condition, the controller identifies the cell 

fault and acknowledge the centralized controller through the communication link. 

Based on the bypass order from the centralized controller, the cell controller 

activates the bypass contactor and monitors the success of cell bypass process. 

Coil
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Contactor

Cell Controller
Power Supply
& DC Voltage 
Measurement

+-

G
a
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 D
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v
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G
a
te
 D
ri
v
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Module
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Module
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DFE Power Cell

Optical Fiber 
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to Central Controller

 

Fig. 2.11 Basic Diagram of the Control Structure of Typical DFE-based Power 

Cell. 

 

d)       Drive Control 

The central control unit, shown in Fig. 2.12, is responsible for the core functionality 

of the variable frequency drive [31-33]. It runs motor control algorithms such as 
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V/f  control, field-oriented control (FOC) based on speed encoder and motor 

current, or sensor-less FOC based on the motor currents and voltages. It generates 

synchronized PWM signals to reduce motor current harmonics. The PWM signals 

are sent through the communication links to the power cells to produce the required 

output voltage and frequency. The central controller monitors the power cells, 

motor voltage and current, and grid voltage and current to generate operational 

data beneficial for process optimization, or to generate alarms, protection trip 

signals, and cell bypass in case of abnormal and faulty conditions.   

2.2.2. Regenerative CHB Drives 

DFE-based power cells allow the CHB drives to operate in two quadrants. This 

covers the majority of medium voltage motor drive market. Yet, an important 

portion requires braking capability such as fast braking of high inertia fans, or 

negative torque capability such as downhill conveyors [1].  For motor braking, one 

method is to allow the dissipation of motor inertia power inside the motor windings.  

However, temperature rise during this process may cause reliability issues to the 

motor especially if the braking process is frequent. Another method is to damp the 

inertia power into external resistor banks. Although this method prevents previous 

method’s reliability issues, resistor banks require extra space and cost for placing 

and cooling.  
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For applications where regeneration is possible, regenerative braking is a more 

efficient and cost effective method. In this method, inertia power is sent back. This 

results in significant efficiency increase and cost reduction especially for applications 

that require negative torque for a considerable portion of their load cycle. 
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Fig. 2.12 Basic Diagram of the Control Structure of Typical DFE-based CHB 

Drive.  
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a)       Cell Structure 

In order to allow regeneration capability in CHB topology, the straightforward way 

is to replace diode front-end (DFE) with active front-end (AFE) in power cells as 

shown in Fig. 2.13. In addition, cell inductors may be required for filtering and 

control purposes.  Regenerative CHB drives with this cell topology or even newly 

proposed ones have been addressed in several publications and patents [34-38]. 

Nonetheless, it was not until the last quarter of 2020 when Siemens announced the 

first regenerative CHB drive in the market [39]. Accordingly, this next generation 

CHB drives are able to compete in regenerative market segment that was 

dominated by the whole DC-bus drives such as NPC and its variants.  

          

C

 

Fig. 2.13 Common AFE-based Power Cell. 
 

b)       Cell Control 

Regenerative CHB does not only require the modification of the power cell topology, 

but also the modification of the power cell controller. Fig. 2.14 shows basic block 

diagram of a common AFE-based power cell controller proposed in literature [32, 

34-38]. An AFE controller is added to the power cell, its main task is to regulate 
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DC-bus voltage during regeneration preventing DC-bus overvoltage. Other tasks 

may include front-end input current control and reactive power compensation.  

The controller responses by synthesizing sinusoidal PWM three-phase voltage 

waveform at the input of the AFE. The generated SPWM signals are then 

transmitted to cell controller to be relayed to the AFE gate drivers. Typically, the 

switching frequency of the AFE is set up to 2 kHz to 4 kHz [32, 34-38].   
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Fig. 2.14 Basic Diagram of a Common Control Structure of AFE-based Power Cell. 
 

To perform its control tasks, the AFE controller requires secondary winding 

voltage measurements for grid synchronization and reactive power compensation, 
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input current measurements for input current control, and DC-bus voltage 

measurement for DC bus regulation.  

For the purpose of diagnosis, protection, and taking corrective actions, the 

AFE controller is required to communicate with the cell controller in case of 

abnormal AFE power cell conditions.  

 

c)       Drive Control 

Drive system control and performance optimization may require establishing 

communication link between the central controller and the AFE controllers. For 

example, AFE controllers may utilize information about motor frequency and 

power to improve AFE dynamic performance, and so the whole motor drive 

performance. Fig. 2.15 presents a common control structure of AFE-based CHB 

drive illustrating modifications in the power cell structure and communication links 

[38, 40-42]. 

Beside the additional tasks and communication requirements imposed by the AFE 

functionality, the central control unit is responsible for the core functionality of the 

variable frequency drive as in the DFE-based CHB. It runs motor control 

algorithms such as V/f and FOC based on speed encoder and motor current, or 

sensor-less FOC based on the motor currents and voltages. It generates 
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synchronized PWM signals and transmit them through communication links to 

power cells to produce the required output voltage and frequency. In addition, it 

monitors power cells, motor voltage and current, and grid voltage and current for 

drive system diagnosis, protection, and operation monitoring.   
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Fig. 2.15 Basic Diagram of a Common Control Structure of AFE-based CHB 

drive. 
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2.3. Summary 

This chapter provided necessary high power converters background and basis upon 

which thesis work has been developed. A review on high power voltage source 

converter topologies was introduced.  The position of the CHB drives among other 

high power voltage source converter topologies was highlighted considering various 

perspectives such as applications, features, and structures. Then, a detailed 

discussion about non-regenerative CHB drives, widely used drive topology in 

industry, including topology, structure, and control was presented.  

The limitations of non-regenerative CHB drives, the importance of next 

generation CHB drives with regeneration capability, and the industry status was 

reviewed. Finally, a detailed discussion about the topology, the structure, and the 

control of common regenerative CHB drives in literature is presented.  
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Chapter 3  

 

Field Failures and Reliability 

of Medium-Voltage Power 

Converters and Motor Drives  

This chapter provides a detailed discussion on industrial high power converters field 

failures. In addition, long-term reliability of semiconductors, electrolytic capacitors, 

and PCBs under power cell’s thermal stresses is presented. Furthermore, the 

approaches to tackle these reliability issues during converter design stage and 

during field operation are discussed. 
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3.1.  Field Failures of Power Converters  

Typically, medium voltage motor drives or high power converters operate under 

harsh loading and environmental conditions. According to [43], drives may operate 

in extreme temperatures, intense vibrations, corrosive environment, etc. In 

addition, they may be subjected to intense or even unexpected loading conditions.  

Accordingly, faults (degradation or partial loss of function), and failures (loss of 

function) take place in the field [44]. If the failure is associated with extended down 

times and production loss, property loss, or safety hazard situation; it is considered 

a catastrophic failure. 

3.1.1. Causes of Failures and Faults 

Converters are systems of integrated assemblies, and components. A converter 

system fault or failure may result from a component failure, an assembly failure, or 

a faulty interaction between different components of the converter. According to 

[43], there are two reasons for field faults and failure: overstress and wear-out. They 

are related to the power converter’s strength as shown in Fig. 3.1.  Components 

overstress fault or failure may happen if they are subjected to stress that exceeds 

their strength. On the other hand, wear-out is a long-term progressing fault that 

eventually turns into failure. Each time a component or an assembly is subjected 

to stress, this causes a gradual damage. Under continuous exposure to stress, a 
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build up of damage takes place through time. This causes a continuous degradation 

of strength and as a result, failure happens at the end. 

Magnitude of stress: temperature, 
voltage, torque, force, bending, etc.
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(a) Overstresses 
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(b) Wear-out 

Fig. 3.1 Causes of Faults and Failures [43]. 

The important lesson taught by field forensic analysis is that there is no one 

specific failure mode (how a fault or a failure takes place) to blame for the converter 

systems faults [43- 47]. Various factors such as converter topology, application, and 

field conditions play an important role in accelerating some of failure mechanisms 

(the underlying causes), which determine the dominant failure modes on case-by-

case basis. The following subsection provides an extensive discussion on reported 

failure studies from the field for medium voltage motor drives or high power 

converters in general. 
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3.1.2. Converters Field Failure Studies 

In [47], a survey involving a number of respondents from several industries such as 

components manufacturers, aerospace, automotive, motor drives, utility, and others 

was provided. According to the survey, power electronics components are the first 

when it comes to fragility, succeeded by capacitors, gate drivers, and connectors. 

In addition, system transients, overloading, and environmental conditions are the 

main causes to component failures and converters faults and failures. In another 

study [45], thermal issues are the main cause for components and assemblies 

failures, followed by mechanical vibration, moisture and humidity, then dust and 

contamination.   

In [48], a detailed field failure analysis considering IGBT modules failures in 

an offshore MW application was performed. The converter topology was 2L-VSI. 

It was shown that more IGBT module failures due to overstress have been reported 

in sites, which are characterized by a higher frequency of unexpected loading events. 

Fig. 3.2 shows a sample of IGBT modules failures caused by overstresses due to 

grid faults, machine faults or control system faults [48-50]. In addition, the study 

found that protection of the converter hardware against the environment is 

insufficient.  
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Conductive paths can be formed by traces of salt and corrosion products on 

a driver board and power supplies circuitry as shown in Fig. 3.3. Furthermore, the 

study reported that deteriorated thermal paste was found in several IGBT modules. 

This is in addition to the presence of fretting corrosion in the IGBT modules’ 

baseplate and heat sink caused by mechanical pressure and thermal cycling as 

shown in Fig. 3.4. 

 

 

Fig. 3.2 Failures of IGBT Modules due to Overstresses due to Grid Faults, 

Machine Faults or Control System Faults [49, 50]. 

 

 

 

 

Fig. 3.3 Gate Driver PCB Faults. 
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Fig. 3.4 IGBT Package-Related Degradation Issues [50]: a) Fretting Corrosion of 

DBC Bottom Layer, b) Degradation of Thermal Paste and DBC Bottom Layer. 
 

In [51, 52], field failures for a bi-directional medium voltage IGCT-based 3-

level NPC converter have been investigated. Fig. 3.5 shows the converter system 

under study. IGCTs are more rugged than IGBT. In addition, IGCTs have better 

power cycling capability than LV IGBT modules, as IGCTs use press-pack 

packages that are bond wire free. According to the study, control system failures 

are dominant with 35% of converter faults and failures related to control systems 

and sensors. Semiconductor failures result in 25% of converter’s faults and failures. 

Cooling system failures cause 18% of converter’s faults and failures. RLC filter 

issues, auxiliary supply failures, and relays and breakers failures lead to 11%, 10%, 

and 1% of converter failures, respectively. 
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Fig. 3.5 Bi-directional Medium Voltage NPC Power Converter [51]. 

 

 In another study [53, 54], a unidirectional medium voltage IGCT-based 3-

level NPC converter is considered as shown in Fig. 3.6. Given the specific 

application, 65% of converter system faults and failures are attributed to failures 

in inverter unit (INU). This is the highest contributor to the overall system failures, 

followed by 9% in control and sensors unit (COU), 7% in line supply unit (LSU), 

7 % in water-cooling unit (WCU), 6% in capacitor bank unit (CBU), and 6% in 

terminal unit (TEU), respectively.  According to the study, there are 203 identified 

failure modes: 95 are of low likelihood, 59 are of medium likelihood, and 49 are of 

high likelihood. For INU, there are 15 identified possible components failures. 

Examples for these failures are gate driver unit failure, clamp capacitor failure, 
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clamp resistor failure, loss of auxiliary voltage, gate driver unit supply failure, loss 

of optical fiber control signal, and loose connections.  

It is important to note the low percentage of DC-bus capacitors failures in 

NPC topology. The reason for that is the usage of high voltage dry film capacitor 

banks that are characterized by self-healing capability and high reliability in 

comparison to other capacitor technologies such as the Aluminum electrolytic 

capacitors.  

 

Fig. 3.6 Unidirectional Medium Voltage NPC Power Converter [53]. 
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3.1.3. Drive Faults and Failures Classification 

A modular drive system with three shunt-interleaved bi-directional NPC converters 

has been analyzed in [55]. Fig. 3.7 presents converter system layout. 

M

Drive Control System

Branch Control System

Branch Control System

Branch Control System  

Fig. 3.7 Modular Drive System Under Study in [55]. 

Drive faults and failures are classified into two categories:  “common” 

subsystem and “branch” subsystem faults and failures. Failures in machine, drive 

control system, and main breaker are examples of “common” subsystem failures, 

which represent 20% of drive system faults. The motor failures represent about 64% 

of the subsystem faults and failures, followed by about 23% attributed to drive 

control system failures. On the other hand, examples for severe “branch” subsystem 

faults and failures are IGCTs, diodes, snubbers, DC-bus capacitor failures. This 

category represents 10% of drive system faults and failures. Typically, these failures 

require fast protective actions to limit consequences and prevent safety issues. 

Cooling system failure, gate drivers failures, “branch” subsystem control and sensors 
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failures, and protection trips due to thermal overload, over-current, over-voltage, 

etc. are examples for less-severe “branch” subsystem faults and failures. These 

failures represent about 70% of converter system faults and failures, 50% of these 

failures are attributed to protection trips due to unallowed operation conditions. 

Protection trip failures do not require maintenance unlike hardware-related failures.  

3.1.4. Fault/Failure Handling  

A Fault/Failure-handling strategy for modular power converter has been discussed 

in [55]. Fig. 3.8 illustrates this strategy under three scenarios: “No Redundancy”, 

“Fault Tolerance”, and “Redundancy”.   

Fault
Complete System 
Shutdown

System restoration with 
partial capability

System redundancy 
activation

Full 
System 
Recovery

Time to complete system restoration

Scenario 1:
No Redundancy

Scenario 2:
Fault Tolerance 
Capability

Scenario 3:
Redundancy

 

Fig. 3.8 Different Fault/Failure Handling Scenarios in Power Converters [55]. 

“No Redundancy” scenario represents the case when the fault or the failure 

occurs in the “common” subsystem. In this case, the system is not enable to continue 
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operation. Therefore, complete converter system shutdown is required. In case of 

“branch” subsystem failures, a partial or complete system shutdown takes place 

until failure diagnosis routines are executed and the “branch” subsystem with the 

determined failure is isolated. On completing the isolation, system restoration with 

partial capability can take place. This represents the fault tolerant scenario. In case 

of redundant hardware availability, on detecting failure in a “branch” subsystem, 

the faulty branch is isolated and a redundant branch is then connected to the 

system. This allows momentary complete system restoration.  

3.1.5. Additional Fault/Failure Reasons 

According to [56], regarding low and medium voltage power converters in general, 

failures may occur due several reasons other than issues related to overloading or 

system transients. Fig. 3.9 shows some of these reasons: loose connections, moisture, 

line disturbance, defective insulation, foreign objects and materials, and collision. 

 

  
(a) Corrosion on PCB Caused by 

Moisture 
(b) An Exploded Capacitor on a PCB 
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(c) Arcing Caused by Loose Contacts (d) Burns on Heat Sink due to Flashovers 

  

(e) Cooling Fan Clogging 
(f) Dust Accumulation into Drive 

Enclosure 

Fig. 3.9 Samples of Converter’s Faults and Failures [56]. 

3.2. Field Failures and Reliability of CHB  

In CHB drives as shown in Fig 3.10, high portion of drive system faults are 

attributed to power cell failures [28-30, 57]. Due to the modularity of the CHB 

topology, in case of power cell failure, the failed cell can be bypassed and partial 

 

                 

Fig. 3.10 DFE CHB Medium Voltage Drive, Courtesy of Rockwell Automation [2]. 



Ph.D. Thesis – Ahmed Abuelnaga       McMaster University – Electrical Engineering 

 

50 

 

system restoration is achieved after a short interruption. In addition, if N+1 cell 

redundancy is employed, full restoration is achieved almost no interruption. 

IGBT modules, power diodes modules, and fuses failures are the main 

contributors to severe power cell failures.  The main causes of these failures are 

over-voltage, overcurrent, and flashovers due to formation of conductive paths 

because of corrosion and environmental conditions.  

DC-bus capacitors are critical as well, they may fail due to over-voltages 

and flashovers. Moreover, they require strict preventive maintenance routines. 

Some CHB drives manufacturers require replacing the whole DC-bus capacitors 

every 7 years based on operation conditions [28, 58, 59]. The reason is that the 

CHB power cells are low voltage DC-Buses, which requires cost-effective high-

capacitance technologies to achieve the required total energy storage. Typically, 

Aluminum electrolytic capacitor technology is widely used for commercially 

available CHB drives. However, the current and thermal stresses specific to the 

CHB power cells topologies result in accelerating their degradation. 

In [59], a study was performed by a medium voltage drives maintenance 

company on CHB DC-bus capacitor failures. Fig. 3.11 shows samples of DC-bus 

capacitor failures for Siemens/Robicon power cells.  
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(a) Power Cell (b) DC-bus 

  
(c) Capacitor explosion caused by 

electrolyte evaporation 
(d) Burning signs on capacitors and the 

bus bar due to overheating 

Fig. 3.11   Samples of Failed DC-bus Capacitors [59]. 

 

According to the study, the actual lifespan of DC-bus capacitors depends on several 

aspects. Temperature and ripple current cause an increase in electrolyte loss 

through evaporation. This loss results in overheating which in turn causes more 

electrolyte losses. Overvoltage degrades the Aluminum oxide causing internal short 

circuits coupled with severe overheating which may result in violent explosions. 

Improper mounting and clamping may lead to mechanical degradation to the 

capacitor packaging. Loose contacts or short screws can cause arcing effects while 

long screws may penetrate capacitor active materials leading to short circuits. This 

could lead to severe overheating coupled with explosion. Another important aspect 
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is the electrolytic capacitors shelf life. Storage conditions has a strong effect on 

capacitor lifetime. Lifetime issues of electrolytic capacitors in CHB lead some 

manufactures to offer higher power cells models with longer lifetime using film 

capacitors such as Siemens GH180, WEG MVW300, and TECO Westinghouse 

VersaBridge.   

Aside from semiconductor and capacitor failures, the largest percentage of 

power cell failures are due to failures in gate drivers, power supplies, power cell 

controllers, and communications. The reason is there are numerous possible failure 

modes. Although these failures are less severe, they result in a complete loss of 

power cells’ functionality [57, 59, 60].  

The following discussion illustrates few examples of these failures applied to 

ABB ACS580 MV power cell shown in Fig. 3.12. The power circuit is composed of 

input fuses, a diode rectifier, a pre-charging circuit, electrolytic DC-bus capacitance, 

and H-bridge as illustrated in Fig. 3.13. The part of the power circuit after the fuses 

until the IGBTs is implemented on a power PCB as shown in Fig. 3.14, while the 

connection of the IGBTs to the output is implement using cables as shown in Fig. 

3.12.  
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Fig. 3.12   Frame R1-R3 ABB ACS580 MV Power Cell [58, 60]. 

 

Fig. 3.13   Frame R1-R3 ABB ACS580 MV Power Cell Circuit [58, 60] 

 

Fig. 3.14   Frame R1-R3 ABB ACS580 MV Power Cell PCB and Control PCB 

[58, 60]. 
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Given the shown complexity of the power cell, various faults and failures may 

take place. Fig. 3.15 presents some of the important component failures that may 

happen in either the power or the control PCB due to unexpected loading, or 

wearing under harsh conditions.  

  
(a) Failure of the Pre-Charging Relay due 

to Internal Arcing 

(b) Failure of the Common Mode Choke 

at Gate Driver - IGBT Interface 

  
(c) Delamination of Optical Fiber under 

Environmental Conditions 
(d) Failure of Power Supply’s MOSFET 

 

  

(e) Failure at Some of Control Circuitry 
(f) Degradation of Gate Driver 

Capacitance 

Fig. 3.15   Frame R1-R3 ABB ACS580 MV Power and Control PCBs failures  

[58, 60]. 
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3.3. CHB Power Cells Long-term Reliability 

An important point to focus on is the long-term reliability (lifetime) of the power 

cell components. Typically, power cell designs consider two aspects to gain a 

competitive advantage: size and cost. Fig. 3.16 and Fig 3.17 present examples for 

power cells designs from different manufactures. Power semiconductors; DC-bus 

capacitors; heatsinks; and circuitry for gate driving, cell control, power supply, and 

communications are packed densely in a power cell. As a result, thermal and 

environmental stresses imposed on power cell components are intensified. These 

stresses cause degradation of power cell components and eventually cause 

significant percentage of power cell faults and failures as illustrated in the previous 

sections. Other factors may result in increasing these stresses as shown in Fig. 3.9 

such as cooling system and other issues due to operation in harsh environments. 

Another factor is the reluctance of some customers to follow the routine 

maintenance instructions such as changing the inlet air filter or preserving good 

operational conditions and environmental protection for the converter.  These issues 

and unrecommended practices may result in over-temperature events, which is 

taken care of by the converter protection system through over-temperature trip of 

power cells. However, such protective action does not counteract the long-term 

degradation effects of power cells components, which cause components failures. 
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(a) Hiconics HIVERT [61] (b) Legacy Robicon [59] 

Fig. 3.16   Examples for Power Cell Designs. 
 

 

 
(a) 

 
(b) 

 

(c) 

Fig. 3.17   MVW3000 Power Cell from WEG [33]. 
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The long-term reliability of power cell is dictated by the reliability of its 

constituents such as power semiconductors, DC-bus capacitors, PCBs and low 

power and signal electronic components. Typically, these components are required 

to function in harsh conditions that are determined by application specific loading 

profile and operating environment from one side and converter design choices on 

the other side [45].  Operating under harsh thermal stresses is one of the conditions 

to which significant percentage of components’ faults and failures are attributed.  

The rest of the section presents a detailed discussion on thermally excited 

long-term reliability issues of IGBTs, DC-bus, low power and signal electrolytic 

capacitors, and control PCBs. 

 

3.3.1. Power Semiconductors Long-term Reliability under 

Thermal Stresses 

a) Failure Mechanism 

CHB power cells employ bond-wire diode and IGBT modules as shown in Fig. 3.18. 

Typically, more thermal stresses are exerted on IGBT modules than grid frequency 

rectifying diode modules due to switching at higher frequency. 
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Fig. 3.18 IGBT Module Structure [62]. 

In normal operation, IGBT modules keep switching between on and off states. 

Conduction and switching power losses associated with IGBT modules operation 

generate pulsating heat flux at the chip (junction). The repetitive heating and 

cooling of the junction results in temperature cycling. The heat flux produced at 

the junction flows through the thermal path across the different layers of the IGBT 

modules towards the case (or heat sink). Since different layers of IGBT modules 

have different thermal conductivity and capacitance as shown in Fig. 3.18, a 

temperature gradient along the thermal path takes place [62, 63]. Fig. 3.19 shows 

the temperature cycles at the junction and the case under power cycling. At the 

junction, average and the peak-to-peak temperature fluctuations are higher than 

that at the case. Temperature fluctuations along the thermal path cause repetitive 

expansion and contraction of the layers forming the path. Due to the difference in 

the coefficient of thermal expansion (CTE) between adjacent layers in the package 

as shown in Fig. 3.18, shear stresses are exerted on interfaces between different 
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material layers [64, 65]. These stresses result in thermo-mechanical fatigue of 

material layers of the package [66, 67]. 

b) Failure Modes 

Fig. 3.20 shows several important package failure modes caused by thermo-

mechanical fatigue. These failure modes degrade the mechanical structure of the 

package and eventually cause IGBT module to fail [68 - 73].  Fig. 3.20a shows bond-

wire degradation in the form of lift-off, heel cracks, or pad cracks taking place 

depending on several factors including the geometry of the bond-wires and the 

inherent manufacturing defects [68, 74]. Solder degradation takes the form of solder 

cracks or solder delamination as shown in Fig. 3.20b [75, 76]. Metallization 

degradation takes the form of metallization reconstruction as shown in Fig. 3.20c. 
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Fig. 3.19 Temperature Fluctuations at the Junction and the Case Under 

Repetitive Heating and Cooling of the Junction. 
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Bond-wire degradation raises the current density in the intact bond-wires. This 

may cause hot spots formation in the intact bond-wires and finally lead to their 

melting as shown in Fig. 3.20d. Another possibility is the formation of the hot spots 

at the bond-wire pads. As a result, melting of the metallization near the intact 

bond-wire takes place as seen in Fig. 3.20e [77]. Another possibility for the 

formation of the local hot spots is shown in Fig. 3.20f, the current distribution 

formed by interaction of bond-wire degradation and metallization reconstruction 

results in sporadic melting across the metallization [77]. The damage, shown in Fig. 

3.20g, may happen when junction temperature reaches the level at which 

widespread melting of the metallization layer starts. This mainly happens due to 

severe degradation of the solder or wide scale metallization reconstruction. 

 

Fig. 3.20 IGBT Module Degradation and related Failures under Thermal Stresses 

[62, 68, 74, 77]. 
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c) Lifetime Estimation 

Fig. 3.21 summarizes the process required to estimate the lifetime of a converter 

considering power switches thermal-mechanical failure modes for a given mission 

profile. Operation conditions are used to calculate  losses and junction temperatures 

of power switches. The Junction temperature is then used to estimate the junction 

temperature cycles at ∆Tj through a cycle counting algorithm such as Rainflow [77-

79]. Then, number of cycles-to-failure at ∆Tj is calculated using one of the lifetime 

model given in Table 3.1. For industrial IGBT modules, CIPS 2008 model is 

commonly employed [77-79]. Finally, by means of a cumulative damage model such 

as Miner’s law [77,-79], calculated junction temperatures cycles at ∆Tj and number 

of cycles-to-failure are used to estimate lifetime of the converter given the mission 

profile. Estimated lifetime only considers the impact of thermo-mechanical stresses. 

 

Fig. 3.21 Converter Lifetime Prediction under Thermo-Mechanical Failure [78]. 
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Table 3.1 Lifetime Models of Power Modules under Power Cycling [77]. 
 LESIT [80] CIPS 2008 [81] SKiM63 [82] 
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Standard modules with Al2O3 

substrates. 

 

Not valid for modules built 

with AlN and AlSiC. 

 

Packages built with 2000 

technology 

Solder-free module. 

Packages built with 2000 

technology 

Para-

meters 

kB [JK-1] = 1.380 

x 10-23 

Ea [eV] = 0.618 

α = -5.039 

β1 = -4.416, β2 = 1285 

β3 = -0.463, β4 = - 0.716 

β5 = -0.761, β6 = -0.5 

β1 = -4.416, β2 = 1285 

β3 = -0.463, β4 = - 0.716 

β5 = -0.761, β6 = -0.5 

 

3.3.2. DC-bus Electrolytic Capacitors Long-term Reliability 

under Thermal Stresses 

As discussed before, CHB power cells employ DC-link Aluminum electrolytic 

capacitors. In addition, they may utilize small signal aluminum electrolytic 

capacitors in their control boards, power supplies, and gate drivers. Fig. 3.22 

presents examples for those capacitors. The wide application range of Aluminum 

electrolytic are due to their high volumetric efficiency, high ripple current 

capability, good reliability, and their excellent price/performance ratio. 
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(a) Screw Terminals 

Power Capacitor from 

EPCOS. 

(b) Snap-in Terminal Power 

Capacitor from Jianghai. 
(c) Small Signal capacitors 

from Panasonic. 

Fig. 3.22 Electrolytic Capacitors. 

a) Construction 

Fig. 3.23 shows the basic construction of an aluminum electrolytic capacitor. As all 

capacitors, an Aluminum electrolytic capacitor consists of two electrically 

conductive material layers, which are separated by a dielectric material layer. The 

anode is an aluminum foil with an enlarged surface area. The dielectric layer is 

Aluminum oxide layer (Al2O3); it is built up on the anode during a forming process. 

The cathode, different from other capacitors, is a conductive liquid, which is the 

electrolyte. In order to pass current from capacitor’s terminal to the electrolyte, a 

second aluminum foil used to form a large surface contact area called the cathode 

foil. The electrolytic material is contained in absorbent paper layer. In addition, 

the paper layer works as a separator between the two aluminum foils. This prevents 

electric short-circuits and ensures the required dielectric strength between the two 

foils.  
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Fig. 3.23 Electrolytic Capacitors Structure: Winding and Layers [83-86]. 
 

b) Equivalent Circuit 

From a simplified equivalent circuit point of view, a series connection of an ideal 

capacitor C, resistor ESR, and inductor ESL as shown in Fig. 3.24 can capture the 

terminal electrical characteristics of a capacitor. The capacitor element represents 

capacitance. ESR represents the dielectric losses and resistance of the electrolyte, 

foils and the terminals. ESL represents parasitic inductance of capacitor winding 

and the terminals. The ESL only depends on the frequency, whereas C and ESR 

depend on frequency and on temperature as shown in Fig. 3.25. 

 

 
Fig. 3.24 Simplified Equivalent Circuit of a Capacitor [83-86]. 
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820 µF 400V 35x50 Capacitance vs. Frequency and Temperature
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Fig. 3.25 Equivalent Circuit Parameters Variation with Frequency and 

Temperature [84]. 

c) Failure Mechanisms and Modes 

In CHB power cells, electrolytic capacitors in either DC-bus, control, or power 

supply circuits experience high temperature and current stresses. These stresses 

result in long-term reliability issues due to electro-chemical degradation of the 

capacitors. This eventually leads to failures. From equivalent circuit perspective, 

electro-chemical degradation results in shifts in C and ESR values with respect to 

the healthy case measured under same temperature and frequency conditions.  
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Electrolyte evaporation is considered the primary cause for capacitor’s 

parameter shifts. It causes increased capacitor’s parameter shifts, which leads to 

more losses and increased internal temperature. This in turn causes more electrolyte 

evaporation and more gas pressure, and may eventually lead to capacitor’s can 

explosion [83, 86, 87].   

Other important causes are degradation of the oxide layer and the 

degradation of the anode and cathode foil. Typically, under combination of voltage, 

temperature and current stresses, all these causes interact and accordingly result 

in shifts in C and ESR values. Fig. 3.26 presents the 20 % shift in C and ESR due 

to electro-chemical degradation, which marks capacitor end-of-life.  

ESR = f(t)

C = g(t)

 

Fig. 3.26 Shifts in C and ESR Values due to Degradation [83, 88]. 
 

d) Lifetime Estimation 

Electrolyte capacitor manufacturers provide empirical formulas to estimate the 

lifetime of their products based on statistical analysis of accelerated life tests 
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performed on their products [89-91]. These formulas follow the well-known 10⁰C 

rule, which is a version of Arrhenius rule. In addition, these formulas take into 

account the effect of applied voltage and self-heating caused by the total ripple 

current.  

Eqns. 3.1-3.6 present Aluminum electrolytic capacitor lifetime model provided by 

Jianghai Europe [89]: 

 * * *  e r T VL L K K K=  (3.1) 

,where Le is the expected lifetime under the actual conditions,  L  is the lifetime 

under rated ripple current and rated temperature, Kr is the ripple factor, KT is the 

temperature factor, and KV  is the voltage factor. The ripple current factor Kr  

equation is as follows: 

0*
210

0

, 1 ( )

T
A

K
r i

I
K K A

I

∆

= = −  (3.2) 

,where I is the actual current, and I0 is the rated ripple current at the rated 

temperature, ∆T0 is the core temperature rise of the capacitor (typically 5 oK for 

T0 = 105oC and 10oK for T0 = 85oC), and Ki  is defined as (for T0 = 105oC, I >I0,  

and Ki = 4; I<I0  and Ki = 2, for T0 = 85oC,  Ki = 2). If the actual ripple current 

component is at a frequency different from that of the rated ripple current, 

weighting factors are used to refer the actual current ripple components at different 
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frequencies to the frequency of the rated ripple current.  The following equation 

calculate the effective actual ripple referred to the frequency of the rated ripple 

current: 

2 2 2

1 2

1 2

 ...  
f f fn

f f fn

I I I
I

F F F

     
= + + +          

     
 (3.3) 

,where If1….If2 are the ripple current components at different frequencies, and 

Ff1….Ffn are the frequency weighting factors at different frequencies. 

The temperature factor KT  equation is: 

0

102

T T

K
TK

−

=  (3.4) 

,where T0 is the rated temperature, and T is the actual temperature.  

The voltage factor KV  is as follows: 

• For radial electrolytic capacitor, 

1VK =  (3.5) 

• For Snap-In and Screw-Terminal electrolytic capacitor, 

0( )n

V

U
K

U
=  (3.6) 

,where U0  is the rated voltage, U  is the actual voltage, n is defined as: for 1 < 

U0/U < 1.25, n = 5; 1.25 < U0/U < 2, n = 3; 2 < U0/U, n = 1. 
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3.3.3. PCB Long-term Reliability under Thermal Stresses 

a) Failure Mechanisms and Modes 

As discussed previously, faults or failures may occur in power cell due to failures in 

control, signal conditioning, power supply, or other auxiliary circuitry. Important 

portion of these failures are attributed to issues in PCB assembly such solder joint 

fatigue, corrosion, and vias fractures as shown in Fig. 3.27. Temperature cycling 

are the root cause for solder fatigue and vias fractures, while harsh environmental 

conditions are the root causes for corrosion.  Solder degradation at surface-mount 

sites accounts for a high percentage of PCB long-term reliability issues. Therefore, 

solder joints are considered one of the weakest points in the electronic assembly.  

 
Fig. 3.27 PCB Failures due to Long-Term Stresses [92-96]. 
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  Fig.  3.28a shows a surface-mount component (SM) soldered to a printed 

circuit board (PCB). During normal operation, the power loss inside the component 

produces a heat flux that flows out of the component’s package to the PCB tracks 

through component’s leads. As a result, a temperature gradient is set up such that 

temperatures at the package, leads and solder joints, and the PCB are different. 

Cyclic power losses give rise to cyclic temperature fluctuations. Since the coefficient 

of thermal expansion of package, lead, solder, and PCB materials are different, 

therefore cyclic thermomechanical forces are generated at material interfaces. Fig. 

3.28b shows the thermomechanical forces acting on the solder. A cyclic shear stress 

is imposed on the solder layer. In addition, other temperature-related effects play 

an important role in degrading the solder joint through fatigue.  

 

 

Fig. 3.28 Classical PCB Solder Joint Fatigue [97-99]. 
 



Ph.D. Thesis – Ahmed Abuelnaga       McMaster University – Electrical Engineering 

 

71 

 

Lead and package geometries affect the response of solder joint to different 

stresses. In addition, solder geometry dictates the stress distribution across the 

interface between the PCB and the solder joint. Moreover, due to solder defects 

and system effects, real stresses are multimodal as shown in Fig. 3.29 [100].  This 

is in contrast to the classical shear stress assumed in literature while analyzing 

solder degradation [97-99]. 

 
Fig. 3.29 Real Case PCB Solder Joint Fatigue [100].  

 

Fig. 3.30 presents some of these system effects such as over-constrained 

boards, housing interaction, and mirroring; potting, coating, and under-filling; glass 

styles, and board thickness. 

  
(a) (b) 
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(c) (d) 

 
 

(e) (f) 

Fig. 3.30 Causes on PCB Solder Joint Degradation [100, 101] 

Traditionally, Pb-based solder alloys were used in the electronics industry. 

However, due to RoHS requirements, Pb-free solder alloys such as SAC305 and 

others become more common these days [93, 102]. Solder microstructure governs 

how it reacts to stresses, therefore, it has a significant effect on the long-term 

reliability of the solder joint. Fig. 3.31 shows the microstructure of aging SAC305 

solder. The figure shows a crack at the intermetallic layer formed at the interface 

of the PCB substrate metallization and the solder bulk, as interfacial layer is more 
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brittle than elsewhere in the solder. It also shows bulk intermetallic regions formed 

in the solder bulk affecting the mechanical integrity of the solder and behavior 

against cyclic stresses. 

 

Fig. 3.31 Degradation of SAC Solder [97, 102]. 

 

b) Lifetime Prediction 

Several empirical, semi-empirical, and physics-based models have been proposed in 

literature for solder joint fatigue lifetime prediction. Eqn. 3.7 presents Norris and 

Landzberg model [99-106]. It is a famous empirical model, which makes solder 

fatigue life prediction more applicable. In addition, it is adopted in the JEDEC 

qualifications [107]. Since it is an empirical formula, it requires performing 

accelerated life test for parameterization. The form given in Eqn. 3.7 represents the 

acceleration factor format, which computes lifetime consumption under condition 

B with respect to the case under condition A. 
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Typically, solder fatigue starts at local discontinuities such as stress concentration 

areas near solder-to-substrate interface. Plastic strain accumulates each cycle 

resulting in failure. In Norris and Landzberg model, plastic strain range is assumed 

proportional to the temperature excursion range. In addition, the model introduces 

two more factors to account for the effects of temperature-cycling frequency (f) and 

the maximum temperature (Tmax) of the solder material. Table 3.2 presents Norris 

and Landzberg model parameters for Sn/Pb solder and Pb-free solder. 

Table 3.2 Norris and Landzberg model parameters [108, 109]. 
Sn/Pb solder 

    63Sn37Pb 
a = 1.9, b = 0.33, and c = 1414 

Pb-free solder 

Sn3Ag0.5Cu(SAC305) 
a =  2.3, b = 0.3, and c = 4562 

 

3.3.4. Addressing Long-term Reliability under Thermal 

Stresses 

Addressing thermally induced long-term reliability issues of a converter or a power 

cell can be done either in the design stage or in the field operation. Fig. 3.32 presents 

means to address converter’s or power cell’s long-term reliability. In design stage, 

the aim is to produce better designs that suffer less thermally induced degradation 

effects in the field. Given a design, the aim in the field is to prevent failures and 

possible catastrophic consequences before happening if these degradation effects 

take over. 
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Fig. 3.32 Addressing Thermally Induced Long-Term Reliability [45, 110-120]. 
 

 

Converters or power cells should be designed while considering long-term 

reliability under application-specific thermal stresses. The design task includes the 

power circuit topology, the control strategy, components ratings and technologies, 

circuit layout, cooling system, and mechanical packaging. Reliability of different 

designs needs to be quantified to allow for making comparisons based on expected 

reliability. This design approach is commonly referred to as Design-for-Reliability 

approach [45, 110-116]. Fig. 3.33 illustrates the reliability assessment process for a 

design considering thermal stresses. 
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Fig. 3.33 Long-Term Reliability Assessment under Thermal Stresses [45, 110-116]. 
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Given a converter or a power cell design, loading, and environmental 

conditions; electrical and thermal loading on critical components are quantified and 

then long-term reliability of the design is assessed based on the long-term reliability 

of the critical components. The assessment is conducted through calculating the 

expected lifetime of the critical components under the application-specific stresses. 

The critical components are the components whose calculated lifetime is the lowest, 

whose degradation can turn into a catastrophic failure, or whose preventive 

maintenance process is complicated and expensive. The components with minimum 

lifetime determine the upper bound of the converter’s or the power cell’s lifetime. 

The significance of the calculated lifetime in absolute sense differs from one 

application to another. For example, general industrial drive applications that 

employ CHB converters are required to change the full electrolytic DC-bus 

capacitance every 7 years as recommended by drive manufacturers’ lifetime 

calculations. These applications can afford this relatively demanding preventive 

maintenance routine in favor of initial investment cost. However, for applications 

that cannot afford similar maintenance routines, the required expected lifetime is 

10-15 years. The converter manufacturer may provide a solution based on another 

power circuit topology, a special control algorithm, a different capacitor technology, 

or an oversized design with the same capacitor technology [110-116].  



Ph.D. Thesis – Ahmed Abuelnaga       McMaster University – Electrical Engineering 

 

77 

 

It should be noted that in addition to long-term degradation of the converter’s 

components, they may experience random failures due to recognized or 

unrecognized causes. Typically, the failure rate is used to quantify random failure 

reliability, in which failure rate of a converter is less than failure rates of its 

components. It is important to consider random failure reliability in converter 

reliability assessment. The work will touch upon reducing the random failure 

probability through reducing the system complexity. 

The design-for-reliability approach is based on assumed application loading 

profile and operating environment. Nonetheless, converter’s components may end 

up operating in harsher conditions. This is because of inaccurate application loading 

assumptions, or operational issues and unrecommended practices that converter 

experiences in the field as discussed in the previous section. Another important 

aspect of the design-for-reliability approach that it is statistical. That is even under 

the ideal field assumptions; the approach does not take into account unit-to-unit 

inherent strength variability [110, 117-120].  

Consequently, for critical applications, relying solely on design-for-reliability 

approach is not sufficient to tackle thermally induced long-term reliability issues. 

As it provides means to produce reliable designs that suffer less degradation effects, 

but not to eliminate them and their associated possible failures. This raises the 
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need for tools to detect faults (degradation of performance or partial loss of 

function) before turning into failures (complete loss of function). This requires 

assessing the health of the asset (the converter and its components) in the field 

through the monitoring operation conditions, key performance parameters, or 

degradation precursors [110, 117-120]. Accordingly, catastrophic failures prevention 

and maintenance optimization are achieved. Fig. 3.34 summaries asset health 

tracking and compares between different failure prevention methodologies.  

 

Fig. 3.34 Early Detection of Faults before Turning into Failures [121] 
 

The thesis work focuses on addressing regenerative CHB topology reliability 

during design stage, while further discussion about reliability addressing during 

field operation is out of scope of the present work.  
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The proposed thesis work is meant to address regenerative CHB topology 

reliability through proposing novel front ends control schemes in order to: 

1. Reduce Components Stresses to Improve Long-term Reliability 

2. Reduce Component Count to Reduce Failure Random Probability 

3. Achieve Other System Benefits (e.g., Cost, Size) 

3.4. Summary 

This chapter provided the necessary background on the failures and reliability of 

high power converters upon which thesis work has been developed. First, the 

chapter begins with a review on some failures and reliability related definitions. 

Afterwards, a detailed presentation of field failures of high power converters in 

general and CHB converter in specific has been covered. A detailed discussion on 

long-term reliability of CHB power cells has been addressed with focus on thermal 

induced long-term reliability issues. This discussion includes long-term reliability of 

power modules, electrolytic DC-bus capacitors, and PCBs and signal electronics. 

Subsequently, means to address long-term reliability issues of CHB power cells have 

been presented. Finally, thesis objective and the reliability challenges to be 

addressed have been stated. 
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Chapter 4  

 

Regenerative CHB Drive  

Lab Prototype 

 

4.1. Prototype Overview 

Fig. 4.1 presents an overview on the developed hardware prototype. It is a scaled 

down a 9-cell 7-level regenerative CHB drive. It has been developed for the 

experimental validation of research outcomes. The prototype is divided into two 

sections: power section and the control section. The power section includes phase 

shifting transformers; grid, load, and power circuit reconfiguration contactors; 
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power cells; sensors boards; and power supplies. The control section includes 

controller boards, SCADA, interface boards, and power supplies. 

 

(a) Prototype Front View (Control – SCADA – Monitoring)  

 

(b) CHB Power Cells (Power Section) 
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(c) Grid Connection Phase Shifting Transformers, Grid and Load Contactors, Grid 

Measurements (Power Section) 

 

(d) Master Controller, Motor Controller, Cell Controllers, Power Supplies, and 

Interfacing Boards (Control Section) 

Fig. 4.1 Prototype Overview. 

4.2. Grid Connection Layout 

Fig. 4.2 presents the grid connection layout including power circuit layout, 

protection, primary measurements, monitoring, and safety. The grid connection 

section consists of two phase-shifting transformers: 18-pulse transformer and 54-

pulse transformer. The transformers operate mutually exclusive through switches. 
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The input to both transformers comes from a grid connection contactor, which is 

controlled by the master control board. Upstream of the grid contactor, primary 

measurements for voltages and currents are performed. They are sent to the master 

controller board for control and protection purposes, and are sent to meters for 

monitoring.  Corresponding secondaries of each transformer are protected through 

fuses then connected in parallel to the respective power cell. The secondary voltages 

and currents measurements are sent to meters for monitoring.   

A hardware safety circuit override the grid contactor in case of emergency or 

loss of power supply. An auxiliary grid connection cell was implemented for 

topology reconfiguration purpose.   
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Fig. 4.2 Grid Connection Layout. 
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4.3. Converter Power Circuit Layout 

Fig. 4.3 presents the power circuit layout including converter circuit layout, load 

connection, contactors, measurements, and safety. The power circuit is 

reconfigurable 9-cell cascaded H-bridge converter with auxiliary neutral point 2-

level converter, auxiliary grid connection 2-level inverter, auxiliary 2-level inverter 

driving a load, and an auxiliary DC-bus tying these three converters. Two mutually 

exclusive contactors namely the neutral point contactor and the neutral point cell 

contactor are used to configure the power circuit.  

To connect the CHB converter to the load, another two mutually exclusive 

contactors are used: the R-L load contactor and the motor load contactor. In 

addition, each power cell is placed between two mutually exclusive contactors: the 

cell input contactor and the bypass contactor. These contactors are used to isolate 

or bypass a power cell. All these contactors are controlled through the motor 

controller board.  

Voltage and current measurements at the converter terminal, in addition to 

speed signal in case of motor load, are sent to the motor controller board for load 

side control and protection.  

The auxiliary grid connection cell has its own grid connection contactor, and 

input voltages and currents, and DC-bus voltage measurements. The measurements 
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are sent to auxiliary grid connection controller board for control and protection, 

while  the contactor is controlled by the auxiliary grid connection controller board.  

 

Cell A3

Cell A2

Cell A1

Cell B3

Cell B2

Cell B1

Cell C1

Cell C2

Cell C3

Auxillary DC Bus

2-Level 
Inverter

Aux Drive
Contactor

Auxiliary 
Drive Cell 

Neutral 
Point Cell

Current
Measurements

Contactor 
Control

Safety 
Hardware 
Circuit

Logic

Aux Drive
Control Board

Neutral Point 
Contactor

Neutral 
Point Cell
Contactor

Motor
Control Board

A1

B1

C1

A2

B2

C2

A3

B3

C3

A1 Input Contactor

B1 Input Contactor

C1 Input Contactor

A2 Input Contactor

B2 Input Contactor

C2 Input Contactor

A3 Input Contactor

B3 Input Contactor

C3 Input Contactor

A1 Bypass 
Contactor

B1 Bypass 
Contactor

C1 Bypass 
Contactor

A2 Bypass 
Contactor

B2 Bypass 
Contactor

C2 Bypass 
Contactor

A3 Bypass 
Contactor

B3 Bypass 
Contactor

C3 Bypass 
Contactor

Contactors 
Control

Current
Measurements

Voltage
Measurements

Interlock

Interlock

Interlock

Interlock

Interlock

Interlock

Interlock

Logic

R-L Load 
Contactor

Motor 
Contactor

Logic

Contactor 
Control

Tacho Speed 
Measurement

Grid 
Contactors

Loss of Power Supply 
to Control Boards

Loss of Power Supply 
to Sensor Boards

Interlock

2-Level 
Inverter

Auxiliary Grid 
Connection Cell 

Aux Grid 
Control Board

Input 
Measurements Contactor 

Control

Aux Grid Connection
Cell Contactor

DC-Voltage 
Measurements

2-Level Inverter

 

Fig. 4.3 Converter Power Circuit and Load Connection Layout. 

 

The auxiliary drive cell also has its own load contactor and currents 

measurements. The measurements are sent to auxiliary drive controller board for 

control and protection, while the contactor is controlled by the auxiliary drive 

controller board. 
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The same hardware safety circuit discussed in previous section overrides the 

load contactors and auxiliary drive contactor in case of emergency or loss of power 

supply. An auxiliary grid connection cell is implemented for topology 

reconfiguration purpose.   

4.4. Gating Signals Layout 

Fig. 4.4 presents the power switches gating architecture including gating for power 

cell H-bridges, power cells AFEs, auxiliary grid connection converter, auxiliary 

drive converter, and the neutral point converter. The motor controller board is 

responsible for generating timely synchronized gating signals for power cells H-

bridges and the neutral point converter.  

Power cells AFEs receive gating signals from cells controller boards. The 

master controller is responsible for generating a synchronization signal to a cell 

controller board in each of the CHB phase. These cells are A2, B2, and C2 cell 

controller boards. Afterwards, cell A2 controller board generates a synchronization 

signal to the rest of the A cells controller boards, cell B2 controller board generates 

a synchronization signal to the rest of the B cells controller boards, and cell C2 

controller board generates a synchronization signal to the rest of the C cells 

controller boards. 
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The auxiliary grid connection cell controller board generates gating signals 

for the auxiliary grid connection cell. This gating signal is synchronized with rest 

of the CHB AFEs gating signals based on the synchronization signal generated at 

the master controller board. 

The auxiliary drive cell controller board generates gating signals for the 

auxiliary drive cell. It is not synchronized with the rest of the system. 
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Fig. 4.4 Gating Signals Layout. 
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4.5.  CHB Power Cell Layout 

Fig. 4.5 presents the CHB power cell layout including power circuit layout, 

contactors, and cell measurements. The power circuit consists of DFE, H-bridge, 

DC-bus capacitance, AFE, cell AFE inductance, DC-bus chopper, chopper 

resistance.  

Upstream of the cell lies the cell input contactor and at the output terminal 

of the cell lies the bypass contactors. These contactors are controlled by the motor 

controller board as mentioned in section 4.3. The motor controller board is as well 

responsible for generating gating signals for the H-bridge as illustrated in section 

4.4.  
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Fig. 4.5 CHB Power Cell Layout. 
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After the input contactor, the cell terminals are connected to both the DFE 

and the AFE. Two mutually exclusive contactors namely AFE contactor and DFE 

contactor are used to configure the cell as a diode front cell or an active front cell. 

Also, the AFE contactor is employed for AFE starting up and protection. The 

control of these two contactors is performed at the cell controller board.  

Fig. 4.5 shows several measurements performed inside the cell. Input voltage 

is measured after the input cell contactor and before the AFE contactor. Input 

current measurements are performed after the AFE contactor. In addition, DC-bus 

voltage is measured. All these measurements are sent to the cell controller board 

for cell front end control and protection. Extra DC-bus voltage measurement is 

sent to the motor controller for advanced control.  

For DC-bus overvoltage protection especially for motor load, a DC-bus 

chopper is used to connect a chopper resistance to the DC bus. The chopper gating 

signals are generated at the cell controller board. 

4.6.  Control System Layout and Tasks 

Fig. 4.6 presents the control system architecture including controller boards, 

communication links between controller boards, and SCADA. There are three types 

of communication links employed in the control system: board-to-board digital 
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communication links for control variables transmission; board-to-board for logic 

communication links for modes setting and acknowledging; and board-to-Desktops 

for system configuration, supervisory control, and data acquisition.    

The master board lies at the core of the control system architecture, in which 

it is involved in all the board-to-board communication, i.e. a star topology.  Master-

to-motor controller boards communication is based on bidirectional digital and the 

logic communication links. Master-to-cell controller boards communication is based 

on a broadcast of unidirectional digital and a cell specific bidirectional logic 

communication links. Board-to-desktop controller communication is based on 

bidirectional digital communication links. Light indicators are driven by the master 

controller and motor controller boards to indicate system important system states, 

and warning and fault conditions.  

The motor controller is implemented on dSPACE MicroLabBox. The 11 cells 

controllers implemented on 11 TMS320F28379D boards. The master controller is 

implemented on TMS320F28379D. The SCADA is implemented using dSPACE 

ControlDesk for the motor controller, and Matlab/Simulink instrument control 

toolbox for master controller and cells controllers.  

Table 4.1 illustrates the implementation and function details of the different 

control firmware components.  
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Fig. 4.6 Control system Layout. 

 

Table 4.1. Firmware Implementation and Function in the Experimental Setup. 

Firmware 
Implementation in 

System 
Functions 

Motor 

Controller 

dSPACE dual Core 

and FPGA 

- Motor/load-side state machine 

- Phase-shifted multilevel PWM 

- V/f and field oriented control (FOC) 

- Motor protection functions 

- Communications to master controller board (digital 

and Logic communication links) 

- Communications to SCADA 

- Various power-related, control-related, and 

communication-related faults diagnosis 

Cells 

Controller 

Tasks 

TMS32F28 Dual 

Core and CLA 

- Cell state Machine 

- Global 9 cells PWM Synchronization 

- Regeneration control 

- Cell Protection functions 

- Communications to master controller board 

- Communication to SCADA 

- Various power related, control-related, and 

communication-related faults diagnosis 
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Master 

Board 

TMS32F28 Dual 

Core and CLA 

- System State Machine 

- Source for Global AFEs PWM Synchronization 

- Centralized Synchronization and the multi-winding 

transformer model 

- Control variables transmission between the motor 

side and AFEs 

- Grid-side protection functions 

- System protection coordination 

- System Fault Diagnosis: Motor-side fault, a power 

cell fault, communication-related fault, and grid-

related fault 

 

SCADA 

• Matlab/ 

Simulink 

instrument 

control 

toolbox 

• dSPACE 

ControlDesk 

 

- Comprehensive system monitoring 

- System fault logging: Motor-side faults, power cells 

faults, and transformer and grid-related fault 

- System Startup and shutdown coordination 

- System configuration: 

o Set operation modes 

o Set parameters 

o Override contactors 

o Software emergency stop 

 

4.7.  Summary 

This chapter has presented an overview on the lab prototype utilized for 

experimental validation of the proposed research work in the coming chapters. The 

overview has included detailed schematic drawings for power circuit layout and 

control system architecture. 
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Chapter 5  

 

Improvement of DC-Bus 

Capacitors Reliability for 

Regenerative CHB Motor 

Drives 

 

5.1. Introduction 

As discussed, capacitors are one of the most vulnerable components in the power 

converters [59, 83]. This vulnerability is more critical in the CHB topology. The 

CHB topology consists of multiple low voltage DC-buses. Thereby, to achieve the 
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required total energy storage, cost-effective high-capacitance capacitor technologies 

are employed.  

Typically, Aluminum electrolytic capacitor technology is widely used for 

commercially available CHB drives [18-27, 59]. This capacitor technology degrades 

in an accelerated fashion under ripple current stresses. In the CHB topology, DC-

bus capacitors experience high ripple current stresses due to the inherent 

instantaneous power unbalance existing in the CHB cells. Thus, CHB drives 

manufacturers are required to replace DC-bus capacitors every 7 years as a 

preventive maintenance routine against unscheduled downtime caused by DC-buses 

capacitors degradation [28, 58]. 

To enable regenerative capability, commonly, the CHB topology rely on AFEs 

to transfer power back to the grid, while during motoring condition, only diode 

rectification is required. However, in order to reduce Aluminum electrolytic 

capacitors degradation by mitigating capacitor current ripples, this chapter 

proposes a new control scheme for regenerative motor drives, in which AFE 

controller is utilized during motoring as a rectifier and during regeneration as an 

inverter. The AFE controller has two tasks:  DC-bus voltage regulation, and DC-

bus ripple reduction. Several research work have been done to achieve this [122-
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130]. Nonetheless, rooms for improvement still exists to match motor drives 

requirements. 

The proposed AFE controller is meant to address three main challenges: 

1. High performance to suit the demanding performance requirements of 

the motor drives. 

2. Compliance with grid connection harmonic requirements without the 

addition of costly, space consuming, and resonance prone harmonic 

filtering solutions. 

3. No addition of extra measurement hardware, which increases cost and 

complexity. 

 

5.2. Background 

The following subsections discusses power cells inherent instantaneous power 

unbalance ripple currents’ impact on Aluminum electrolytic capacitors lifetime. 

5.2.1. Power Cell Inherent Instantaneous Power Unbalance  

Fig. 5.1 shows instantaneous power flow during motor and regeneration for DFE 

and AFE power cells. PDEF is the power flow in DFE, PAFE is the power flow in the 

AFE, PHB is the power flow in the H-bridge, PC is the power flow through the DC-

bus capacitor, and iHB and vHB are the H-bridge output current and voltage. 
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Fig. 5.1 Instantaneous Power Flow in Power Cell. 

Assuming the power cell output operates at angular frequency
m

ω and power 

factor angleφ , PHB can be computed for either case of the DFE or the AFE as:  

( ) ( ) ( ) sin( ) sin( )

1 1
cos( ) cos(2 )

2 2

HB HB HB HB m v HB m i

HB HB v i HB HB m v i

P t v t i t V t I t

V I V I t

ω φ ω φ

φ φ ω φ φ

= = + +

= − − + +

 (5.1) 

,where power factor angle φ  is the angle difference between voltage angle 
v

φ  and 

current angle 
i

φ . 

Eqn. 5.1 shows that H-bridge instantaneous power can be decomposed into 

two components: a zero frequency component and a pulsating component with 

double the H-bridge output frequency. Instantaneous power components due to 

switching harmonics have not been considered. On the other side, three-phase full-
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bridge DFE instantaneous power can be decomposed into a zero frequency 

component and a pulsating component with six-times the grid frequency due to the 

six-pulse operation. This causes instantaneous power unbalance between DFE and 

the H-bridge. Since instantaneous power balancing holds by the laws of physics, 

the instantaneous power mismatch between DFE and H-bridge is supplied by the 

DC-bus capacitors as shown in Fig. 5.1a. Zero-frequency power mismatch results 

in ongoing increase or decrease of DC-bus voltage, while, pulsating power mismatch 

leads to DC-bus voltage ripples. Eqn. 5.2 presents an expression of DC-bus voltage 

ripple in which the DFE pulsating component is not considered. It shows that the 

angular frequency of the DC-bus voltage ripple is double the H-bridge output 

angular frequency. In addition, the magnitude of the voltage ripples is proportional 

to the output voltage and current magnitudes of the H-bridge, while inversely 

proportional to the H-bridge output angular frequency, DC-bus capacitance, and 

zero frequency component of DC-bus voltage.  

sin(2 )
( )

4

HB HB m v i
dc

m dc

V I t
v t

CV

ω φ φ

ω

+ +
∆ = −  (5.2) 

Power cells operate in variable loading conditions, where 
H BV , 

H BI , and 
mω vary in 

a wide range. In order to maintain DC-bus voltage ripple within permissible range 

(typically < 10%), especially at lower power cell output angular frequency, large 

DC-bus capacitance values have to be used. 
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For the conventional AFE controller, similar analysis holds. As mentioned in 

Chapter 2, the conventional AFE controller main tasks are DC-bus voltage 

regulation and reactive power compensation, which are achieved through 

manipulating the zero frequency power component. Typically, these control tasks 

are performed on d-q reference frame as illustrated by the controller diagram in 

Fig. 5.2 Neglecting the switching harmonics instantaneous power components from 

both the AFE and the H-bridge, pulsating component with double the H-bridge 

output frequency is taken care by the DC-bus capacitors as shown in Fig. 5.1b and 

Fig. 5.1c. 
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Fig. 5.2 Typical AFE Controller Block Diagram. 

 

DC-bus voltage ripples are accompanied with ripple currents that flows 

through the capacitors. Double H-bridge output frequency ripple current flowing 

through the DC-bus capacitor is expressed by Eqn. 5.3 as follows: 

cos(2 )
( )

2

HB HB m v i
cap

dc

V I t
i t

V

ω φ φ+ +
∆ = −  (5.3) 
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As discussed before, Aluminum electrolytic capacitors are widely used in the 

CHB topology and the degradation of this capacitor technology is accelerated by 

ripple currents. The next subsection presents an analysis to highlight effect of ripple 

currents on lifetime of DC-bus Aluminum electrolytic capacitors in CHB topology. 

5.2.2. Impact of Ripple Currents on Aluminum Electrolytic 

Capacitors Lifetime 

A real case study has been performed on a 650V, 215A DFE power cell [28]. The 

power cell was operated at its rated conditions. Cell input voltage was 650V, and 

so the DC-bus voltage was about 900V. H-bridge output current, output frequency, 

and modulation index were about 215A, 60Hz, and 0.9, respectively. The H-bridge 

utilized unipolar sinusoidal PWM modulation with switching frequency of 600Hz. 

In this study, 400V, 7.9A, 1800µF, 85oC CD29L series capacitors from Jianghai 

were employed [131].  In order to achieve 1200V, ~8600µF DC-bus, a scheme of 3 

series groups of 15 parallel capacitors were used as shown in Fig. 5.3. 

 

Fig. 5.3 DC-bus Capacitance Connection. 
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Fig. 5.4 presents the harmonic analysis of the DC-Bus capacitor unit current 

from the case study. As mentioned before, capacitor RMS current is dominated by 

the double H-bridge’s output frequency component (1st order), and the six-time 

grid frequency component coming from the DFE (3rd order). In addition, the 

harmonics analysis shows that current components at double and quadrant of H-

bridge’s switching frequency are significant.  In order to assess lifetime under this 

loading condition, a similar lifetime estimation process to what has been discussed 

in Chapter 2 is adopted. Lifetime model and ripple current multipliers suggested 

by Jianghai for the specified capacitor has be used. Fig. 5.5 presents RMS current 

components reflected to 120 Hz as required by the model.  

 
Fig. 5.4 Harmonic Analysis of the DC-Bus Capacitor Unit Current. 

 

Fig. 5.5 Harmonic Analysis of  DC-Bus Capacitor Current Reflected to 120 Hz. 
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It is clear how the double H-bridge output frequency component dominates 

the current stresses. Focusing on lifetime consumption due to ripple currents, other 

factors regarding the DC voltage bias and the ambient temperature are fixed. 

Accordingly, the estimated lifetime of an aluminum electrolytic capacitor as 

function of ripple current loading can be expressed as [89]: 

2

10 , 2 , 1
oT

A

e r r

o

I
L L K K A

I

∆
×  

= × = = −  
 

 (5.4) 

, where 
oT∆ is set 10℃, and

oI is 7.9A. Applying RMS summation of the reflected 

current components as shown in Fig. 5.5 results in a capacitor unit current I of 

about 14A. This results in A of -2.14, and consequently
rK of 0.23. Eliminating the 

double H-bridge output frequency component in capacitor current results in A  of 

0.15, and so 
rK of 1.01. This leads to a significant improvement in capacitor’s 

expected lifetime of about 4 times.   

Because of this significant lifetime improvement, several research works have 

been conducted in the effort of eliminating the double H-bridge output frequency 

component in capacitor current. The subsequent section presents a review on the 

ongoing research effort. 
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5.3.  Designing a New AFE Control Scheme for 

Pulsating Power Flow 

5.3.1. Theory and State-of-the-Art 

The double H-bridge output frequency component arises in capacitor current 

because either the DFE or AFE with conventional control scheme are unable to 

satisfy the instantaneous power requirement of the H-bridge. The sole solution in 

the case of DFE is to add more capacitance to the DC-bus or to use longer lifetime 

grade capacitors, which comes at the expense of increased size and cost.  

On the other side, it is possible through adding modification to the AFE 

controller to divert the double H-bridge output frequency power component from 

flowing through the capacitor to the AFE. As a result, elimination of the double 

H-bridge output frequency component in capacitor current is achieved. Fig. 5.6 

summarizes this approach, which has been adopted by the majority of the research 

work in literature [122-130]. 
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(a) Conventional AFE Control Scheme 
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(b) AFE Control Scheme in Literature 

Fig. 5.6 Instantaneous Power Flow. 
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Although this approach provides a promising means to reduce ripple current 

stresses on the DC-bus capacitors, diverting instantaneous pulsating power 

component to the AFE then to the grid is not an appealing idea, as the grid 

connection regulations are not satisfied. However, this is not the case for the CHB 

topology. The reason is that the phase shifting transformer in the CHB topology is 

equivalent to a local bus bar to which AFEs are connected equivalently in parallel 

before interfacing to the grid as shown in Fig. 5.7. There is 120o shift between 

instantaneous pulsating power flows in AFEs connected to the same secondary 

winding group, e.g. 
2 0Z

−
secondary windings. Thereby, AFEs exchange their 

instantaneous pulsating power in between locally to eliminate pulsating power flow 

at the primary side of the transformer connected to grid.   

The simplest modification to the AFE control scheme to allow pulsating power 

flow is through direct addition of the pulsating power load requirement of the H-

bridge into the d-axis reference [123, 125]. This is right in principal because the d-

axis represents the zero frequency power component. Therefore, the component to 

be added should be with double the H-bridges output frequency. This results in 

instantaneous power flow through the AFE with required pulsating frequency to 

match the H-bridge pulsating power.  
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Fig. 5.7 CHB Topology. 

          Nonetheless, typically, AFE controllers employ proportional-integral (PI) 

regulators for implementing current control, which achieve poor responses while 

tracking AC steady state reference signals [123, 125]. Utilizing model predictive 

current control instead results in high performance tracking [126, 135]. However, 

for average switching frequencies less than 2000 Hz, AFE current harmonic profiles 

associated with model predictive current controllers, likewise hysteresis and 

deadbeat controllers, do not satisfy grid connection requirements [132-135]. 

Therefore, AFE controllers based on PI current control and SPWM modulation are 

preferable. 

In order to realize better current tracking performance for PI current control, 

AFE control scheme based on multiple frame of references is to be used [130, 137]. 



Ph.D. Thesis – Ahmed Abuelnaga       McMaster University – Electrical Engineering 

105 

 

In this control scheme, the conventional task for DC-bus voltage regulation is 

performed on a frame of reference aligned with one reference frame, while the added 

task for pulsating power flow is performed on another reference. There is a 

dedicated current controller for each frame of reference to control the corresponding 

current component. The outputs of these currents controllers are then transformed 

to the abc-frame, added together, and then send to the SPWM modulator. Fig. 5.8 

provides an abstracted block diagram for an AFE control scheme based on this 

approach, which is further explained in the following subsection. 
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Fig. 5.8 Multi-Frame of Reference AFE Controller Conceptual Block 

Diagram. 

5.3.2. Multi-frame of Reference AFE Control Scheme 

According to the instantaneous power theory considering the three-phase side of 

the AFE [138, 139], any current vector i  aligned with voltage vector g
v  (secondary 

voltage of the transformer at nominal conditions) gives rise to active instantaneous 

power and any current vector i  aligned with the perpendicular voltage vector g
v

⊥
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generates instantaneous reactive power.  If the current vector has zero speed 

compared to voltage vector, the active and reactive instantaneous power flows have 

only zero frequency component. If there is relative speed between the current vector 

and the voltage vector, the active and reactive instantaneous power flows have 

pulsating power components. To set the AFE for pulsating power flow with the 

required frequency with the zero frequency component, currents are computed as: 

20
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(5.6) 

Eqns. 5.5 and 5.6 show that the AFE control scheme should be designed to track 

three current components. A current component at the grid fundamental frequency 

g
ω  is responsible for DC-bus voltage regulation through zero component power flow 

control. In addition, two extra current components at 2
m g

ω ω−  and 2
m g

ω ω+  are 

responsible for the required pulsating power flow at double the H-bridge output 
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frequency. Decomposing AFE current measurement into the three components 

requires complex filtering. Moreover, adding these complex filters to the current 

controls compromises the performance.  

              Fortunately, it can be shown that setting the AFE for instantaneous 

pulsating reactive power flow along with the required instantaneous active power 

flow cuts down the required extra current components to only one component as 

illustrated by Eqns. 5.7 to 5.10. This leads to significant complexity reduction of 

the AFE current decomposition as it is required to decompose the current to only 

two components at g
ω  and 2

m g
ω ω−  or g

ω  and 2
m g

ω ω+ . 

2 20
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5.3.3. Angles Estimation of Reference Frame  

The multi-frame of reference AFE control scheme shown in Fig. 5.8 requires angle 

information. Based on Eqn. 5.9 and 5.10, grid angle information g g
ω θ+ is required 

for reference frame alignment with the grid, which is typically implemented in 

conventional AFE control schemes. In addition, H-bridge pulsating power angle 

2
m v i

ω φ φ+ +  is required to synthesize the extra current component. Angle 

information can be calculated at the motor control being responsible for controlling 

the H-bridges, then transmitted to the AFE controllers as shown in Fig. 5.9.  
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Fig. 5.9 A Conceptual Diagram Showing Communications Lines between 

AFEs Controllers in Power Cells and the Centralized Motor Control. 
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One implementation for the pulsating angle estimation is illustrated in Fig. 

5.10, in which the pulsating angle information is estimated from a normalized 

pulsating power waveform transmitted for the communication links from the 

centralized controller. This waveform is calculated based on measured motor 

current and motor control output voltage reference. The diagram also shows other 

signals such as motor frequency m
ω signal and zero frequency cell power 0_cell

P signal, 

which are used to improve the dynamic performance of the pulsating power flow 

control of the AFE. Most of the communication burden is attributed to the 

normalized pulsating power due to its high sampling requirement in comparison to 

m
ω  and 0_cell

P  which have slower frequency components.  
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Fig. 5.10 Pulsating Power Angle Estimation from Pulsating Power Information. 

In order to reduce that communication burden between the power cells and 

the centralized motor controller, the possibility of direct estimation of H-bridge 

pulsating power angle information from DC-bus ripples has been addressed [127-
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129]. This approach utilizes the 90o phase shift between H-bridge’s pulsating power 

angle and the DC-bus ripple angle as given in Eqn. 5.1 and Eqn. 5.2.  

Based on the previous discussion, the main challenges for designing a novel 

AFE control scheme capable of controlling the pulsating power flow required by 

the H-bridge and diverting it away from DC-bus capacitors can be summarized as 

follows: 

1. Designing a high performance current control based on multiple rotating 

frames and SPWM Modulation. 

2. Designing a high performance instantaneous pulsating power estimator. 

5.4.  Proposed AFE Control Scheme  

5.4.1. AFE Control Scheme Structure 

The proposed AFE control scheme is required to perform two control tasks. The 

first task is to control the flow of zero frequency active and reactive power into or 

out of the AFE, in order to regulate the DC-bus voltage and prevent high reactive 

circulating currents between transformer secondaries.  The second task is to control 

the flow of instantaneous pulsating active and reactive power at double H-bridge 

output frequency, to divert the pulsating power away from the DC-bus capacitors 

into the AFEs and transformer secondaries or reduce the DC-bus voltage.   
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As shown in Fig. 5.11, the proposed AFE control scheme is implemented in 

the power cell. It is a decentralized control scheme that relies on power cell local 

measurements to perform the control tasks. The exception is for feedforward signals 

transmitted through the communication links from the motor control, such as 

motor frequency m
ω and zero frequency cell power 0_cell

P signals, that may be 

required to improve the dynamic performance of the instantaneous pulsating power 

flow control of the AFE. In addition, the grid synchronization task performed by 

the PLL block that can be implemented in the centralized controller, thereby; the 

voltage magnitude and angle information are to be transmitted to the AFEs 

through the communication links.  
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Fig. 5.11 Proposed AFE Control Scheme. 
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The proposed scheme employs SPWM modulator as shown in Fig. 5.11. This is a 

key advantage, as SPWM modulators result in AFE input currents with specific 

harmonic components given the AFE switching frequency. This simplifies the task 

for designing filters to comply with grid connection harmonic standards. 

Furthermore, the multi-AFE structure of the AFE-based CHB topology provides 

more degrees of freedom to vary the harmonic components of the AFEs with respect 

to each other. This variation is designed in a way to reduce the filtering 

requirements while still complying with the grid connection requirements at the 

primary of the transformer. For example, it permits the usage of only inductors as 

filters at the secondaries and possibly at the primary of the transformer.  

In order to achieve the DC-bus voltage regulation task, the control scheme 

employs typical PID-based DC-bus voltage regulator as shown in Fig. 5.11. The 

DC-bus regulator provides zero frequency active power reference to the multi-frame 

of reference current control. In addition, based on the required power factor at the 

primary side of the transformer or other drive system requirements, the zero 

frequency reactive power reference is provided to the multi-frames of reference 

current control. 

DC-bus capacitors ripple reduction is performed by a proposed 

instantaneous pulsating power flow control task marked by the red dotted line in 
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Fig. 5.11. First, this task employs a proposed angle estimator to extract the 

instantaneous pulsating power angle information from the DC-bus voltage ripple. 

This angle information _ 2
θ and the grid angle, grid g g

tθ ω θ= + , estimated by the PLL 

are required by the multi-frame of reference current control to achieve 

instantaneous pulsating power flow control task. In order to improve the dynamic 

responsiveness of the instantaneous pulsating power angle estimator, a motor 

frequency m
ω feedforward signal is employed. Second, a proposed instantaneous 

pulsating power controller is used to determine the required instantaneous pulsating 

active and reactive power to be allowed to flow in the AFE at different motor 

loading conditions. It produces a current reference to the multi-frame of reference 

current control to achieve instantaneous pulsating power flow control task based 

on motor frequency m
ω , zero frequency cell power 0_cell

P , and DC-bus voltage ripple 

dc
V∆  signals. 

At the core of the proposed AFE control scheme presented in Fig. 5.11 lies 

the proposed multi-frame of reference current control. It consists of two current 

controllers formulated at two different frames of references. The first current 

controller is aligned to the grid voltage vector generated from the PLL and it is 

responsible for tracking current references provided by zero frequency power and 

reactive power controller. The second current controller is aligned to a reference 
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frame generated by the second frame angle estimator and it is responsible for 

tracking current references provided by the instantaneous pulsating power 

controller. Each current controller produces modulation index in abc-frame, which 

are added together and provided to the SPWM modulator. 

 The details of the multi-frame of reference current control, and 

instantaneous pulsating power controller and angle estimation are presented in 

subsequent subsections  

5.4.2. Multi-Frame of Reference Current Control 

Fig. 5.12 illustrates the detailed structure of the proposed multi-frame of reference 

current controller. The controller is composed of two sets of d-q axes PI-based 

current regulators with their associated frame-of-reference transformations aligned 

to two different frames. Each set represents a current controller block as shown in 

Fig. 5.11. In addition, it includes a current components decomposition block 

residing at the core of multi-frame of reference current control scheme.  

The current controller at the frame 1 is responsible for the zero frequency 

active and reactive power flow through the AFE. It receives a current reference in 

the form of a d-axis and q-axis reference current components representing reference 

active and reactive powers determined by the decoupled active and reactive power 

controllers blocks shown in Fig. 5.11, respectively. 
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Fig. 5.12 Proposed Multi-Frame of Reference Current Control. 

This active and reactive power decoupling is due to the alignment of frame 1 

to the grid voltage vector and thus zeroing q-axis component of grid voltage vector

q
v . The two PI current regulators are used to force the d-axis and q-axis current 

components of the AFE on frame 1 to track the reference current components. In 

order to improve the transient and the startup responses against grid voltage, a 

feedforward block is used to modify the d-axis modulation index component based 

on DC-bus voltage dc
V and d-axis grid voltage component d

v signals. The resultant 

d and q-axes modulation indices in frame 1 are transformed to the abc-frame using 

grid angle to form the first part of the final modulation to be provided to the 

SPWM modulator.  
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 The current controller at the frame 2 is responsible for the instantaneous 

pulsating active and reactive power flow through the AFE. It receives a current 

reference in the form of a d-axis and q-axis reference current components 

representing reference instantaneous pulsating active and reactive powers 

determined by the pulsating power controller block shown in Fig. 5.11, respectively. 

As illustrated by Eqns. 5.9 and 5.10, allowing instantaneous pulsating reactive 

power  in conjunction with instantaneous pulsating active power flow reduces the 

required pulsating current components to be controlled by AFE to one current 

component at either with angle 2
m v i grid

ω φ φ θ− − − +  or 2 m v i grid
ω φ φ θ+ + + . Therefore, 

by aligning the current control in frame 2 to 2
m v i grid

ω φ φ θ− − − +  or 2 m v i grid
ω φ φ θ+ + +

, pulsating current in abc-frame results in DC value d and q current components in 

frame 2. Furthermore, this alignment implies that the control of both the reactive 

and active power flow is performed by setting the d-axis current references based 

on the pulsating power controller block while putting q-axis current references to 

zero as illustrated in Fig. 5.11 and 5.12. The two PI current regulators are used to 

force the d-axis and q-axis current components of the AFE on frame 2 to track the 

reference current components. The resultant d and q-axes modulation indices in 

frame 2 are transformed to the abc-frame using the second frame of reference angle 
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to form the second part of the final modulation to be provided to the SPWM 

modulator.  

 Fig. 5.13 shows the AFE input side phasor diagram under the proposed 

multi-frame of reference current control. The main assumption is the effective 

decomposition of the AFE input current into the two current components _1
I  and 

_ 2
I . However, the coupling between the frequency of the current component _ 2

I  

and motor frequency highly complicates the current components decomposition. 

Table. 5.1 provides an example for the two current components calculated in 

different frames at two motor frequencies, where negative frequency values 

represent negative sequence. On frame 1, current component 2 has to be filtered 

out without affecting the frequency response of current component 1; while on frame 

2, current component 2 has to be filtered out without influencing the frequency 

response of current component 1. In this case, it is obvious that simple low pass 

filters does not provide the sufficient current components decomposition. More 

complex filter structures such as variable notch filters can be employed. These 

frequency adaptive filters provide efficient current components decomposition. 

Nonetheless, these filter structures have undesirable dynamic responses, which does 

not satisfy the current controller dynamic performance requirements for motor 

drive applications.  
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Fig. 5.13 AFE Operation Phasor Diagram under the Proposed Control 

Scheme. 

Table. 5.1. Example for Current Components in Different Frames at Different Motor 

Frequencies. 
Motor Frequency =  

60 Hz 

abc 
Frame 

Frame 1 Frame 2 @ -2ωmt - φv - φi  + 
θgrid 

Current Component 1 60 Hz 0 Hz 120 Hz 

Current Component 2 -60 Hz -120 Hz 0 Hz 

 

Motor Frequency =  
20 Hz 

abc 
Frame 

Frame 1 Frame 2 @ -2ωmt - φv - φi  + 
θgrid 

Current Component 1 60 Hz 0 Hz 40 Hz 

Current Component 2 20 Hz -40 Hz 0 Hz 

 

 In order to address this challenge, a current components decomposition 

network is proposed as presented in Fig. 5.12. The goal of this network is to receive 

the output of transformation of AFE input current to frame 1 as _1
'

dq
I  and frame 

2 as _2
'

dq
I . As shown in the example presented in Table 5.1, the two components of 

the AFE input current reflect on transformation to frame 1 and 2 to appear in 
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_1
'

dq
I  and _2

'
dq

I . The network filters out the extra current component in each frame 

as illustrated by the example in Table 5.2 and outputs the effectively decomposed 

current components _1dq
I  and _2dq

I  to their respective current regulators. 

Table. 5.2 Example Illustrating the Filtering Effect of the Proposed Decomposition 

Network. 

Motor Frequency = 20 
Hz 

abc  

Frame 

Frame 1 

Idq_1’ 

Frame 2 

Idq_2’ 

Frame 1 

Idq_1 

Frame 2 

Idq_2 

Current Component 1 60 Hz 0 Hz 40 Hz 0 Hz - 

Current Component 2 20 Hz -40 Hz 0 Hz - 0 Hz 

 

Fig. 5.14 presents the detailed structure of the proposed current components 

decomposition network. The core concept behind this network is to use the filtered 

output in one frame to cancel the extra current component in the other frame 

through the transformation of this filtered output to the other frame and adding 

the result of the transformation to the input of the other frame.  Fig. 5.15 shows  

internal working of decomposition network under the example given in Table. 5.2. 

dq/abc
Transfom.

Idq_1’
LPF

dq/abc
Transfom.

Idq_2’
_+

_+

����_2

����_1  =  ����g

Idq_1

Idq_2
LPF

abc/dq
Transfom.

abc/dq
Transfom.

 
Fig. 5.14 Proposed Current Component Decomposition Network. 
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Idq_1’
LPF

Idq_2’
_+

_+

����_2|20 Hz

����_1  =  ����g |60 Hz

Idq_1

Idq_2
LPF

0 Hz

60 Hz

40 Hz

0 Hz

20 Hz

-40 Hz

0 Hz, -40 Hz

0 Hz, 40 Hz

dq/abc
Transfomation

dq/abc
Transfomation

abc/dq
Transfomation

abc/dq
Transfomation

 

Fig. 5.15 Illustration of the Internal Working of the Decomposition Network. 

5.4.3. High Performance Instantaneous Pulsating Power 

Estimator  

It is clear that the performance of the instantaneous pulsating power flow control 

task in particular and the performance of the whole AFE control scheme depend 

on the accurate estimation of instantaneous pulsating power angle and accordingly 

the determination of the second frame of reference angle. In addition, the 

determination of amount and the frequency of pulsating power to flow through the 

AFE given motor drive loading condition has significant implications on AFE 

control scheme performance on one hand, and drive system reliability on the other 

hand. In order to tackle these challenges beside other challenges such as reducing 

the communication burden between AFE local controllers and the centralized 

controller, a decentralized pulsating power estimator is proposed as presented in 
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Fig. 5.16. The proposed estimator reduces the communication requirements by 

relying only on low frequency feedforward signals transmitted from the centralized 

controller such as motor frequency m
ω  signal and zero frequency cell power 0_cell

P

signal. The proposed estimator includes pulsating power angle estimator, control 

logic for determining second frame angle, and pulsating power controller for 

determining the current reference for current controller on frame 2.  

Motor 
Control

Vabc_ref

Iabc

Centralized 
Controller

AFE Controller

Pulsating 
Power Angle 
Estimator

2ωmt + φv + φi

P0_cell 

ωm

P0_cell 

ωm

logic

-+

+
+

����grid 

Average 
Cell Power 
Calculation

����_2

Second Frame Angle Estimator

Vdc

Pulsating 
Power 

Controller

Iref_2

ωm

∆Vdc

 

Fig. 5.16 Proposed Decentralized Pulsating Power Estimator. 

 Fig. 5.17 presents the detailed structure of the decentralized pulsating power 

angle estimator based on power cell DC-bus voltage measurement. The proposed 

structure represents a variable frequency PLL structure.  An adaptive gain is 

utilized to improve the PLL locking capability for different DC-bus voltage ripple 

frequencies and magnitudes under different motor drive operating conditions. The 

gain is function of motor frequency and optionally the DC-bus voltage ripple 
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magnitude. Moreover, motor frequency is used as feedforward to assist the dynamic 

performance of the PID controller. In order to prevent the average value of DC-

bus voltage and high order switching harmonics from getting into the PLL feedback 

loop, a variable cycle moving average block is used. The estimated pulsating power 

angle 2
m v i
tω ϕ ϕ+ +  is then used in the determination of second frame angle _2

θ . 

cos
x

PID +

2

Integrator

ωm

LPF

Variable
Cycle 
Moving 
Averagesin

x

2ωmt + φv + φi

∆Vdc2

Variable
Cycle 
Moving 
Average

Adaptive 
Gain

sqrt(x2+y2)

Vdc

 

Fig. 5.17 Proposed Decentralized Pulsating Power Angle Estimator. 

 A control logic based on motor frequency m
ω signal is employed to compute 

second frame angle _2
θ out of pulsating power angle 2

m v i
tω ϕ ϕ+ +  and grid angle grid

θ

. Based on Eqn. 5.9 and 5.10, given motor frequency m
ω and grid frequency g

ω , the 

input AFE pulsating current frequency is set to 2
g m

ω ω±  in order to allow pulsating 

active and reactive power flow. Table 5.3 presents the two current components 

frequencies under different motor frequencies given the input AFE pulsating current 

frequency is set to 2
g m

ω ω± . The table reveals important points to consider, where 

negative frequency values represent negative sequence. 
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Table. 5.3 The Two Current Components Frequencies under Different Motor Frequencies. 

Motor 
Frequency 

Ripple 
power 

Frequency 

2
g m

ω ω−  2
g m

ω ω+  

1st Current 

in 
abc  Frame 

2nd Current 

in  
abc  Frame 

1st Current 

in  
abc  Frame 

2nd Current 

in  
abc  Frame 

60 Hz 120 Hz 60 Hz - 60 Hz 60 Hz 180 Hz 

50 Hz 100 Hz 60 Hz - 40 Hz 60 Hz 160 Hz 

40 Hz 80 Hz 60 Hz - 20 Hz 60 Hz 140 Hz 

35 Hz 70 Hz 60 Hz - 10 Hz 60 Hz 130 Hz 

30 Hz 60 Hz 60 Hz 0 Hz 60 Hz 120 Hz 

25 Hz 50 Hz 60 Hz 10 Hz 60 Hz 110 Hz 

20 Hz 40 Hz 60 Hz 20 Hz 60 Hz 100 Hz 

10 Hz 20 Hz 60 Hz 40 Hz 60 Hz 80 Hz 

 

First, under some range of motor frequency, if the input AFE pulsating 

current frequency is set to 2
g m

ω ω− , this causes low frequency current components 

that have undesirable magnetic and thermal effects on transformer. Second, under 

some range of motor frequency, if the input AFE pulsating current frequency is set 

to 2
g m

ω ω+ , this gives rise to high frequency current components that require higher 

PWM frequency and controller bandwidth. As a result, to address these issues one 

possible implementation of control logic can be designed as shown in Table 5.4.   

Table. 5.4 A Possible Control Logic for _2
θ  Calculation. 

Motor Frequency _2θ  

> 35 Hz -2ωmt - φv - φi  + θgrid 

< 35 Hz 2ωmt + φv + φi  + θgrid 
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How much pulsating active and reactive power to flow through the AFE in 

order to reduce the pulsating power through the DC-bus capacitor is determined 

by setting the current reference _ 2ref
I for current controller on frame 2. The 

determination of _ 2ref
I is performed by the pulsating power controller as shown in 

Fig. 5.16. The detailed structure of the proposed pulsating power controller is 

presented in Fig. 5.18. It consists of a feedforward component based on motor 

frequency m
ω signal and zero frequency cell power 0_cell

P  signal, and an optional 

feedback component based on estimated DC-bus voltage ripple magnitude. Extra 

attention should be paid while designing the feedback component because it highly 

possible to give rise to controller instability. One aspect is that DC-bus voltage 

ripple reference _dc ref
V∆ cannot be zeroed. As the pulsating power angle estimator 

relies on DC-bus voltage ripple to estimate the pulsating power angle. Otherwise, 

the pulsating angle estimation is inaccurate, which causes controller instabilities.   

Another aspect is that the calculated _ 2ref
I  should be limited because there are 

points beyond which increasing _ 2ref
I  leads to increase in DC-bus voltage ripple. If 

the feedback component reaches these points, control instabilities occur. 

Considering these control stability challenges, the proposed controller suggests 

relying only on a feedforward component as shown in Fig. 5.18 to determine _ 2ref
I  



Ph.D. Thesis – Ahmed Abuelnaga       McMaster University – Electrical Engineering 

126 

 

based on motor frequency m
ω and zero frequency cell power 0_cell

P  signals 

transmitted from the centralized control and the d-axes component of grid voltage 

d
v representing grid voltage magnitude. 

∆Vdc_ref

∆Vdc

+
+

-+

÷ 

P0_cell vd

Iref_2

Logic for
Ripple Power 
Reference 

Computation
ωm

0.5

PID

Pref 

limiter

 

Fig. 5.18 Proposed Pulsating Power Controller. 

Three aspects should be considered while designing the logic for generating 

the reference pulsating power ref
P . First, a near zero motor frequency, controlling 

the AFE to allow pulsating power flow may cause control instabilities. Therefore, 

ref
P should be set to zero at near zero motor frequencies. Second, adding extra 

current component in the AFE input current results in higher current peaks and 

increased losses in the AFE semiconductor devices and the transformer compared 

to the case of conventional AFE control. In addition, these extra stresses may lead 

to long-term reliability issues in AFE semiconductor devices and the transformer. 

If all the pulsating power is diverted from DC-bus capacitors to the AFEs and the 

transformer, significant modifications should be made in AFE power cell including 
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semiconductor devices selection, heatsinks and cooling design in addition to changes 

in transformer designs. There should be a compromise between the long-term 

reliability gains in the DC-bus capacitors versus the increased costs and possible 

long-term reliability issues that may arise in the other parts of the drive. 

Accordingly, ref
P may be computed so that a portion of the pulsating power based 

on a valuew  is diverted from the DC-bus capacitors to the AFEs and the 

transformer as shown in Fig. 5.19. 

ωm

Pref = 0

> 5 Hz

Pref
xP0_cell 

0 < ����  < 1

 

Fig. 5.19 A Simple Implementation for Pulsating Power Reference 

Computation Logic. 

5.5.  Simulation Studies and Experimental Validation  

In order to validate effectiveness the proposed AFE control scheme in achieving 

the stated objectives, simulation and experimental studies have been performed on 

a 9-cell regenerative CHB converter with parameters given in Table 5.5. System 

model have been built in MATLAB/Simulink. 
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Table 5.5   CHB Converter Main Parameters. 

Converter parameter Simulation Value 
Experimental  

Value 

Cell DC-bus voltage (V) 1100 170 

Transformer Secondary Side 
Voltage (V) 

650 80 

Equivalent Secondary Inductance  
(mH) 4 4 

DC-Bus Capacitance (µF) 8600 2300 

Base Current (A) 200 - 

 

5.5.1. Simulation Studies 

 Simulation results for H-bridge output frequency at 60 Hz and 40 Hz are presented 

in Fig. 5.20 and 5.21, respectively. According to Tables 5.3 and 5.4, at 60 Hz H-

bridge side frequency, the AFE control scheme is required to control two current 

components at 60 Hz and -60 Hz in order to divert the 120 Hz pulsating power 

away from the DC-bus capacitor. The phase angle of the 60 Hz component is 

calculated from the AFE input voltage through a PLL. In order to calculate the 

phase angle of -60 Hz current component, the phase angle of the DC-bus voltage 

ripple is estimated through the proposed estimator given in Fig. 5.17. Then the 

estimated phase angle is subtracted from the grid angle to get the phase angle of -

60 Hz current component as given in Table 5.4. Fig. 5.20a shows the estimated DC-

bus voltage ripple phase angle.  
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(a) DC-bus Voltage Ripple Phase Angle  

 

(b) Secondary Current  

 
(c) Zooming at the Peak Period of Secondary Current  

 
(d) Primary Current  
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(e) Zoomed Primary Current  

Fig. 5.20 Simulation Results for H-bridge Output Frequency at 60 Hz. 

Fig. 5.20b and 5.20c show the AFE input current (transformer secondary 

current). A current profile of peaks and valleys resulted from the superposition of 

the current components. The additional current peaks and r.m.s. add stresses on 

the transformer. Therefore, a tradeoff should be made between how much pulsating 

power to be kept flowing in the DC-bus capacitor and how much to be diverted 

away to the secondary of the transformer.  Fig. 5.20d and Fig. 5.20e present the 

primary current waveform. The -60 Hz current components at the secondaries 

cancel out at the transformer primary.      

 Again, based on Tables 5.3 and 5.4, at 40 Hz H-bridge side frequency, the 

AFE control scheme is required to control two current components at 60 Hz and -

20 Hz in order to divert the 80 Hz pulsating power away from the DC-bus capacitor. 

In order to calculate the phase angle of -20 Hz current component, the phase angle 

of the DC-bus voltage ripple is estimated through the proposed estimator. Then 
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the estimated phase angle is subtracted from the grid angle to get the phase angle 

of -20 Hz current component as given in Table 5.4. Fig. 5.21a shows the estimated 

DC-bus voltage ripple phase angle. 

 

(a) DC-bus Voltage Ripple Phase Angle  

 
(b) Secondary Current  

 
(c) Zooming at the Peak Period of Secondary Current  
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(d) Primary Current  

 

(e) Zoomed Primary Current  

Fig. 5.21 Simulation results for H-Bridge Output Frequency at 40 Hz. 

 

Fig. 5.21b and 5.21c show the AFE input current (transformer secondary 

current). Similar to the 60 Hz H-bridge output frequency case, the current 

waveform shows additional currents peaks, which impose more stresses on the 

transformer. Therefore, a tradeoff should be made between how much pulsating 

power to be kept flowing in the DC-bus capacitor and how much to be diverted 

away to the secondary of the transformer.  Fig. 5.21d and 5.21e present the primary 

current waveform. It is clear that -20 Hz current components at the secondaries 

cancel out and do not show at the transformer primary.   
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In order to validate the fast dynamic performance of the proposed AFE 

control system including the pulsating power angle estimator and multi-frame 

current control, simulation for step response in H-bridge output frequency was 

conducted. Results for a step change in H-bridge output frequency from 60 Hz to 

40 Hz are illustrated in Fig. 5.22. Fig. 5.22a shows pulsating angle tracking given 

the step change in H-bridge output frequency from 60 Hz to 40 Hz. Fig. 5.22b shows 

secondary current during this step change. There are almost no overshoots in 

current.  

 
(a) DC-bus Voltage Ripple Angle and Voltage  

 
(b) Secondary Current  



Ph.D. Thesis – Ahmed Abuelnaga       McMaster University – Electrical Engineering 

134 

 

 

(c) Primary Current  

Fig. 5.22 Waveforms during the Step Change in Output Frequency. 

Fig. 5.22c shows secondary current during this step change. There is almost 

no change in the primary current during the step frequency change, which 

advocates for the near optimal decoupling of the two current components within 

the current control.  

5.5.2. Experimental Validation 

Experimental studies have been conducted based on the given system parameters 

to validate the ability of the current controller to decouple and control the two 

required current components across a wide H-bridge output frequency range. Fig 

5.23 to 5.29 show the secondary current waveforms and FFT for H-bridges of output 

frequency from 60 Hz to 5 Hz, respectively. In this study, the proposed current 

controller follows the pulsating power angle calculation scheme given in Table 5.4. 

Fig. 5.23 shows one current component at 60 Hz. In fact, they are two current 

components: one at 60 Hz and the other at -60 Hz.  
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(a) Peak of the Current Profile  

(10A / div)(100ms / div) 

(60Hz FFT Center) 

(b) Valley of the Current Profile  

(10A / div)(100ms / div) 

(60Hz FFT Center) 

 Fig. 5.23 Secondary Current at 60 Hz H-bridge Output Frequency. 

At 50 Hz output frequency, Fig. 5.24 shows two current components: 60 Hz and  

-40 Hz. At 40 Hz output, Fig. 5.25 shows current components: 60 Hz and -20 Hz. 

At 30 Hz output, Fig. 5.26 shows current components: 60 Hz and 120 Hz. At 20 Hz 

output, Fig. 5.27 shows current components: 60 Hz and 100 Hz. At 10 Hz output, 

Fig. 5.28 shows current components: 60 Hz and 80 Hz. At 5 Hz output, Fig. 5.29 

shows current components: 60 Hz and 70 Hz. 

  
Fig. 5.24 Secondary Current at 50 Hz  

H-bridge Output Frequency  

(10A / div)(100ms / div) 

(60Hz FFT Center) 

Fig. 5.25 Secondary Current at 40 Hz  

H-bridge Output Frequency  

(10A / div)(100ms / div) 

(60Hz FFT Center) 
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Fig. 5.26 Secondary Current at 30 Hz  

H-bridge Output Frequency  

(10A / div)(100ms / div) 

(60Hz FFT Center) 

Fig. 5.27 Secondary Current at 30 Hz  

H-bridge Output Frequency  

(10A / div)(100ms / div) 

(60Hz FFT Center) 

  

  
Fig. 5.28 Secondary Current at 10 Hz  

H-bridge Output Frequency  

(10A / div)(100ms / div) 

(60Hz FFT Center) 

Fig. 5.29 Secondary Current at 5 Hz  

H-bridge Output Frequency  

(10A / div)(100ms / div) 

(60Hz FFT Center) 

An important aspect that requires experimental validation is the cancelation 

of additional injected current components between the secondaries of the phase 

shifting transformer. Otherwise, grid connection requirement is going to be violated. 

Fig. 5.30 presents experimental results for the CHB input current at the 

transformer primary for 40 Hz and 20 Hz H-bridge output frequencies. It is clear 

from the results, only the 60 Hz component flows at primary of the transformer.  
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(a) 40 Hz H-bridge Output Frequency  

(20A / div)(100ms / div)(60Hz FFT Center) 

 
(b) 20 Hz H-bridge Output Frequency  

(20A / div)(100ms / div)(60Hz FFT Center) 

Fig. 5.30 Primary Current 

A main advantage of SPWM based current controllers is the generation of 

specific patterns of harmonic currents, which can be cancelled out within the 

secondaries through phase shifting the PWM carriers within the AFEs with respect 

to each other [140]. This reduces the size of filtering requirement while complying 

with grid connection requirements for switching harmonics current components. A 

typical carrier shift scheme is 120
o  between AFEs with the same voltage angle 

[140]. Fig. 5.31 provides a zooming on current waveforms at the secondary and the 

primary sides. The results show that the harmonic cancellation between AFEs is 



Ph.D. Thesis – Ahmed Abuelnaga       McMaster University – Electrical Engineering 

138 

 

still intact even with injection of additional current components at the secondaries. 

This confirms the compliance of the proposed AFE control with the grid connection 

harmonic requirements. 

 
(a) Secondary Current (5 A/ div) (5 ms / div) 

 
(b) Primary Current with No Carrier Shift (15.2 A/ div) (5 ms / div) 

 
(c) Primary Current with Carrier Shift (15.2 A/ div) (5 ms / div) 

Fig. 5.31 Secondary and Primary Current Waveforms at 20 Hz H-bridge 

Output Frequency. 
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Another important aspect to be validated experimentally is the dynamic 

performance of the multi-frame current control. Being employed in motor drive 

application, the proposed AFE control scheme should meet demanding dynamic 

performance requirements.  The AFE controller is subjected to a step change in H-

bridge output frequency representing a demanding condition, which is harsher than 

typical situations in motor drives applications. Fig. 5.32 presents the secondary 

current dynamics during a step change in output frequency from 10 Hz to 50 Hz. 

The results shows smooth transition without overshoots in the current waveform.    

 
(a) Secondary Current  

(10 A / div) (200 ms / div) 

 
(b) Zoomed Secondary Current  

(10 A / div) (50 ms / div) 

Fig. 5.32 Step Change in Output Frequency from 10 Hz to 50 Hz. 

In order to validate the ability of the proposed AFE control to divert the 

pulsating power away from the DC-bus capacitors, and so improve capacitor’s 

lifetime can be achieved, a simulation study considering the real case stresses has 

been conducted. Table 5.6 provides system and cell parameters used in the study. 
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The study compares the stresses in case of conventional AFE power cell with 

respect to DFE power cell. Then it quantifies the gain achieved in capacitor lifetime 

when AFE diverts pulsating power away from the capacitor.   

Table 5.6   Power Cell Parameters 

Converter Parameter DFE AFE 

Cell DC-bus voltage (V) 1100 1100 

Transformer Secondary Side 
Voltage (V) 

780 650 

Equivalent Secondary Inductance  
(mH) 4 4 

DC-Bus Capacitance (µF) 8600 8600 

Switching Frequency 600 Hz (H-bridge) 
600 Hz (H-bridge) 

1980  Hz (AFE) 

 

Fig. 5.33 shows the FFT of capacitor current. Fig. 5.33a presents the FFT in 

case of DFE power cell. The dominant components in the capacitor current are the 

double H-bridge frequency near 120 Hz (1st order) of 12 A, the six times H-bridge 

frequency (3rd order) of 5.2 A, and the double H-bridge PWM frequency (10th order) 

of 2.6 A. Fig. 5.33b presents the FFT in case of AFE power cell with conventional 

control. The dominant components in the capacitor current are the double H-bridge 

frequency near 120 Hz (1st order) of 9.5 A, the double H-bridge PWM frequency 

(10th order) of 2.85 A, the AFE first harmonic group (15th and 18th orders) of about 

2 and 2.6 A, and the AFE second harmonic group (33rd order) of about 4.18 A.  
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Fig. 5.33c presents the FFT in case of AFE power cell with the proposed pulsating 

power injection. The dominant components in the capacitor current are the double 

H-bridge PWM frequency (10th order) of 3 A, the AFE first harmonic group (15th 

and 18th orders) of about 2.1 and 2.8A, and the AFE second harmonic group (33rd 

order) of about 4.2 A.   

 

H-Bridge PWM Components  

(a) DFE Capacitor Current FFT 
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H-Bridge PWM Components

AFE PWM 
Components

 

(b) Conventional AFE Capacitor Current FFT 

AFE PWM 
Components

H-Bridge PWM Components  

(c) Proposed AFE Capacitor Current FFT 

Fig. 5.33 Capacitor Current FFT 
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In order to quantify the gain in capacitor lifetime achieved through the 

proposed AFE control scheme compared to DFE and conventional AFE control 

scheme, analysis similar to the one presented in subsection 5.2.2 has been 

conducted. Similarly, in this study, a 400V, 7.9A, 1800µF, 85℃ CD29L series 

capacitors from Jianghai were employed. 

Considering lifetime consumption due to ripple currents, other factors such as 

the DC voltage bias and the ambient temperature are fixed. Accordingly, the 

estimated lifetime as function of ripple current of electrolytic capacitors is given in 

Eqn. 5.4, where 
oT∆ is set 10℃, and

oI is 7.9A. For the DFE, the reflected rms 

current is about 14 A. This results in A  of -2.14, and consequently
rK of 0.25. For 

the AFE with conventional control scheme, the reflected rms current is about 11.8 

A. This results in A of -1.23, and consequently
rK of 0.4. For the AFE with the 

proposed pulsating power flow control, the component at double the H-bridge 

frequency is almost eliminated. Thereby, the reflected rms current is about 7 A. 

This results in A of 0.2, and consequently
rK of 1.1. Table 5.7 summarizes the 

relative gain lifetime between the three cases.  
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Table 5.7   DC-bus Capacitor Lifetime Improvement 

Front End Type 
DC-bus Capacitor PU Lifetime 

(Improvement %) 

DFE 1 (Base Case) 

Conventional AFE Control Scheme 1.5 (50% improvement) 

Proposed AFE Control Scheme with 

Pulsating Power Flow Control 
4 (300% improvement) 

The ability of the proposed AFE control to divert the pulsating power away 

from the DC-bus capacitors, has been validated experimentally through analyzing 

the DC-bus capacitors ripple current. Fig. 5.34 shows capacitor current at 60 Hz 

H-bridge output frequency. For the case of AFE without pulsating power flow, a 

2nd order current component at 120 Hz flows through the capacitor as shown in 

Fig. 5.34a. Fig. 5.34b shows the huge reduction of the 2nd component through 

diverting it to the AFE.   

 

(a) AFE with No Pulsating Power Flow 

(20A / div)(20ms / div) 

(120Hz FFT Center) 

 

(b) AFE with Pulsating Power Flow  

(20A / div)(20ms / div) 

(120Hz FFT Center) 

Fig. 5.34 Capacitor Current at 60 Hz H-bridge Output Frequency. 
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Fig. 5.35 shows capacitor current at 40 Hz H-bridge output frequency. A 2nd 

order current component at 80 Hz flows through the capacitor as shown in Fig. 

5.35a for AFE without pulsating power flow. With pulsating power flow capability, 

huge reduction of the 2nd component flowing in the capacitor is achieved in Fig. 

5.35b.  

 

(a) AFE with No Pulsating Power Flow 

(20A / div)(20ms / div) 

(120Hz FFT Center) 

 

(b) AFE with Pulsating Power Flow  

(20A / div)(20ms / div) 

(120Hz FFT Center) 

Fig. 5.35 Capacitor Current at 40 Hz H-bridge Output Frequency. 

Fig. 5.36 shows capacitor current 20 Hz H-bridge output frequency. For the 

case of AFE without pulsating power flow, a 2nd order current component at 40 Hz 

flows through the capacitor as shown in Fig. 5.36a. With pulsating power flow 

capability, huge reduction of the 2nd component flowing in the capacitor is achieved 

as shown in Fig. 5.36b. This huge reduction in low order current stresses has a 

significate positive effect on DC-bus capacitor lifetime.  
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(a) AFE with No Pulsating Power Flow 

(20A / div)(20ms / div) 

(120Hz FFT Center) 

 

(b) AFE with Pulsating Power Flow  

(20A / div)(20ms / div) 

(120Hz FFT Center) 

Fig. 5.36 Capacitor Current at 20 Hz H-bridge Output Frequency. 

5.6. Summary 

In the CHB topology, DC-bus capacitors experience high ripple current stresses due 

to the inherent instantaneous power unbalance existing in the CHB cells. Typically, 

CHB converters employ aluminum electrolytic capacitors for energy density 

requirements. Under these current stresses, capacitors degrade in accelerated 

fashion. AFEs provide a degree of freedom to control the power flow compared to 

DFEs.  This chapter proposes a control scheme for AFEs to allow pulsating power 

flow without the addition of extra components. Accordingly, pulsating powers are 

diverted from the DC-bus capacitors to the secondary of the transformer. The 

proposed control scheme is based on SPWM to comply with the grid connection 

harmonic requirements with reduced filtering requirements. In addition, the control 

scheme employ multi-frame of reference current controller to achieve high 
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performance. Furthermore, the harmonic cancellation at the primary of the 

transformer including both the injected ripple current related to the diverted 

pulsating power and high frequency components related to switching harmonics 

have been addressed. Simulation studies and experimental validation have been 

performed on a 9-cell CHB system. The results have validated the effectiveness and 

the performance of the proposed control scheme while achieving the desired 

objectives.  
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Chapter 6  

 

New Control Schemes Based 

on Grid Frequency or Near 

Grid Frequency Switching for 

AFE CHB 

 

6.1. Introduction 

As discussed in Chapter 2, AFEs employ sinusoidal PWM modulators to satisfy 

grid connection harmonic requirements. Commonly switching frequency is set up 

to 2 kHz to 4 kHz to reduce the size of L filters required (assuming only L filters 
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are used in this case). However, this reduction in filters size comes at the cost of 

increased switching losses of power devices. This results in high cycling temperature 

stresses on power devices. Numerous studies in literature have shed light on 

acceleration effects of these stresses on degradation of the mechanical packaging of 

power switches, which eventually leads to power switches failures [77-79]. 

Typically, for practical and cost effectiveness reasons, power modules are 

chosen for AFEs implementation. Switching frequency has a huge impact on 

modules power losses. Bringing switching frequency at nominal loading conditions 

down to the grid frequency or near the grid frequency results in significant 

improvement of modules reliability. In addition, there are other important system 

benefits, such as the ability of cell heat sink size reduction and the prevention of 

high frequency emissions into the grid caused by PWM operation that may excite 

resonance modes [39]. 

The proposed new front end (FE) control schemes address three main 

challenges: 

1. Improvement of power switches reliability through switching loss reduction. 

2. Compliance with grid connection harmonic requirements without the 

addition of costly and space consuming harmonic filtering solutions. 
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3. Providing the performance required to suit the demanding requirements of 

the motor drives. 

6.2. Background 

6.2.1. Conventional AFE Power Cells  

Fig. 6.1 presents the typical AFE CHB power cell and its typical AFE control 

scheme.  Commonly, AFE control employs sinusoidal PWM modulators to satisfy 

grid connection harmonic requirements given in Table 6.1 [3, 4].  
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(a) AFE Power Cell (b) AFE Control Scheme Block 

Fig. 6.1 Typical AFE. 

 

Table 6.1 Current Distortion Limits for General Distribution Systems  

(120V through 69kV), IEEE std. 519-2014 [3, 4] 

Maximum Harmonic Current Distortion in Percentage of IL 

Individual Harmonics Order (Odd Harmonics) 

Isc/IL < �� �� ≤ � < �� �� ≤ � < �� �� ≤ � < �	 �	 ≤ � TDD 

< 20 4.0 2.0 1.5 0.6 0.3 5.0 

TDD: Total demand distortion, harmonic current distortion % of maximum demand load 

current. 

Isc: maximum short circuit current at the point of common coupling (PCC). 

IL: maximum demand load current. 

Even harmonics are limited to 25% of the odd harmonics limits above. 
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The PWM switching frequency is set up to 2 kHz to 4 kHz to reduce the size 

of additional input L filter distributed between the primary and the secondaries 

power circuities compared to the DFE CHB as shown in Fig. 6.2. Given this 

switching frequency range, in addition, to other aspects such as cost, reliability, 

and ruggedness, IGBTs modules are the common choice among CHB drives 

manufacturers for AFE implementations [32, 34-38, 122]. 

M
Phase Shifting 
Transformer

A B C

DFE Power 
Cells

Grid

 
M

Phase Shifting 
Transformer

A B C

AFE 
Power 
Cells

Grid

Additional 
Input 

L Filter

 
(a) DFE CHB (b) AFE CHB 

Fig. 6.2 CHB Drive Grid Interface. 

 

6.2.2. Thermal Stresses, Power Switch Modules Lifetime, 

and Cooling Requirements 

Fig. 6.3 presents forced air-cooled DFE CHB [28-31], it shows the demanding heat 

sink requirement to keep the heatsink temperature at full load typically between 

70 and 85℃. Going from DFE operating at grid frequency to AFEs operating at  
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33 to 66 times the grid frequency, has huge implications on heat sink design and 

IGBTs’ mechanical packaging long-term reliability. These implications become 

even stricter for applications that does not allow the usage of cooling liquids or 

where the usage of cooling liquids requires costly measures.  

 
(a) Frame-H DFE CHB 

 

IGBT Leg
Foot Print

Diode Leg
Foot 
Print

Estimated Heat Sink
210 x 40 x 500  mm

 
(b) Frame-A 215A DFE Power Cell (c) DFE Power Cell Heat Sink Layout 

Fig. 6.3 Forced Air Cooling PowerFlex 6000 [28, 31]. 
 

For applications with forced air-cooling, in order to access the heat sink 

requirement for AFE power cell, an approximate comparative study between DFE 

and AFE power cells for power losses and junction temperature rise has been 
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conducted. In this study, a 1 MW, 3 kV, 7-level CHB drive driving a 3 kV, 200 A 

motor has been considered.  For the DFE, three DD160N (34mm dual line frequency 

diode package) have been selected [141]. Three FF200R17KE4 (62mm half bridge 

IGBT module) [142] have been selected for AFE and two FF400R17KE4 (62mm 

half bridge IGBT module) [143] have been chosen for the H-bridge. In addition, the 

possibility to run the front end at grid frequency switching (referred to as FFE) 

has been included to the study. For comparison purposes, the FFE case uses the 

same switches used in the conventional AFE case. IPOSIM software from Infineon 

has been used to calculate devices power losses and junction temperatures [144]. 

Tables 6.2 summarizes the simulation conditions for DFE, H-bridge, AFE, and 

FFE, respectively. 

Table 6.2 Inputs for DFE, H-Bridge, AFE, and FFE Simulations on IPOSIM  

Simulation DFE H-Bridge AFE FFE 

DC Link 
Voltage 

950 V 1000 V 1000 V 950 V 

Current 
(IAC) 

100 Arms 200 Arms 100 Arms 110 Arms 

Fundamental 
Frequency 

60 Hz 60 Hz 60 Hz 60 Hz 

Switching 
Frequency 

N/A 600 Hz 2000 Hz 60 Hz 

Modulation 
Index 

N/A 0.9 0.9 0.9 

Heat Sink 
Temperature 

85 ℃ 85 ℃ 85 ℃ 85 ℃ 
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Table 6.3 summarizes the thermal simulation results for DFE, H-bridge (HB), AFE, 

and FFE, respectively. The results show large difference in total power losses per 

switch or diode. This leads to significant differences in estimated switch modules 

lifetime and cooling requirements. Comparing AFE and FFE cases, conduction 

losses are similar. However, AFEs switching losses are about 20 times higher than 

FFEs losses. As a result, using the same switch such as FF200R17KE4, FFE can 

be 5 times as efficient as AFE. Even FFE can achieve more efficiency gain if switch 

technologies optimized for conduction are employed instead. The reason is that for 

IGBT technologies there is a compromise between conduction efficiency and 

switching efficiency.  

Table 6.3 Thermal Simulation Results DFE, H-Bridge, AFE, and FFE on 

IPOSIM.  

Simulation DFE H- 

Bridge 
AFE FFE 

Conduction 
Losses 

Switch N/A 125.6 W 64.1W 64.3W 

Diode 47.5 W 24.0 W 10.7 W 19.8 W 

Switching 
Losses 

Switch 
N/A 

34.9 W 64.5 W 3.0 W 

Diode 18.0 W 26.6 W 2.0 W 

Total 
Losses per 

Module 

Switch N/A 160.5 W 128.6 W 67.3 W 

Diode 47.5 W 42.0 W 37.3 W 21.9 W 

Maximum 

Junction 
Temperature 

Switch N/A 102.0 °C 107.4 °C 96.8 °C 

Diode 98 °C 91.5 °C 93.7 °C 90.1 °C 

Minimum 
Junction 

Temperature 

Switch N/A 97.5 °C 102 °C 94.25 °C 

Diode 96 °C 89.8 °C 91.8 °C 89 °C 
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Typically, AFEs employ IGBT technologies that optimize both such as 

IGBT4 technology. For FFEs, only optimization for conduction is required such as 

IGBT3 technology [145].   

Another important comparison point is the junction temperature. As 

discussed in Chapter 3, junction temperature has significant implications on the 

long-term reliability of IGBT modules.  In order to compare the effect of thermal 

stresses between AFE and FFE cases, CIPS 2008 model representing IGBT 

module’s lifetime discussed in subsection 3.4.1 can be re-expressed as follows: 

1285

4.46 273
0
  e TL L T

− +∗∆ ∗�  (6.1) 

, where other terms in model have been neglected as they do not contribute to a 

significant difference in the lifetime estimation for both AFE and FFE cases. 

Substituting the values of the maximum junction temperature and junction 

temperature ripple for switches given in Table 6.3 in Eqn. 6.1: 

1285
4.46

273 107

1285

273 96

5 e
   0.0167 * 0.9  0.015

2
e

AFE

FFE

L

L

−
+

+

 
∗ 

 
� � �  (6.2) 

,this indicates that FFE can achieve about 60 times, improvement on IGBT 

module’s lifetime in comparison to AFE.  This improvement would not be 

important if 0  L is much larger than the projected lifetime of the drive, which is 

typically not the case. Industrial medium voltage drive systems incur large capital 
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investments. Thereby, their lifetime is commonly projected for 20 years and more 

which is comparable to 0  L . In this case, FFEs provide a significant reliability 

benefit compared to AFEs.  

 To access cooling requirements for DFE, AFE, and FFE, an approximate 

heat sink thermal simulation has been done on Mersen R-TOOLS online heatsink 

simulator [146]. The total power losses per IGBT or diode calculated in Table 6.3 

have been fed into the simulator and the maximum allowed heat sink temperature 

has been set to 85 ℃ to match the previous study. Fig. 6.4 shows heat sink 

temperature distribution for the DFE case. The DFE is considered as the base case 

for which the base case heat sink dimensions and base case cooling airflow are 

determined.  The base heat sink dimensions have been used for the AFE and the 

FFE, while the cooling airflow has been varied from the base case to match the 

power loss in each case. The results presented in Fig. 6.5a show that the FFE 

requires cooling airflow with 235 cfm (17% more than DFE) to limit the maximum 

heat sink temperature at 85℃. This causes a 23% increase in the pressure drop 

compared to the DFE. On the other side, the results presented in Fig. 6.5b show 

that the AFE needs cooling airflow with 275 cfm (37% more than DFE) to limit 

the maximum heat sink temperature at 85℃. The required airflow for AFE causes 

a 68% increase in the pressure drop compared to the DFE. Contrary to FFE, the 
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huge increase in both airflow and pressure drop indicates the need for a complete 

new heat sink and cooling designs for the AFE, which is undesirable practically. 

200 cfm

Heat Sink
210 x 40 x 500 mm

85 ºC 

75.5 ºC 

66 ºC 

56.4 ºC 

46.9 ºC 

  

Fig. 6.4 Heatsink Simulation Results for DFE [28-31]. 
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76.2 ºC 

67.6 ºC 
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275 cfm

Heat Sink
210 x 40 x 500 
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84.7 ºC 

77.1 ºC 

69.5 ºC 

61.9 ºC 

54.3 ºC 

 
(a) FFE (b) AFE 

 

Fig. 6.5 Heatsink Simulation Results for FFE and AFE. 
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Based on previous discussion, huge improvement in reliability and reduction 

in cost, footprint and complexity can be achieved through reducing IGBTs 

switching frequency. Therefore, two new front end control schemes operating at 

grid or near grid frequency switching are proposed in the subsequent section. 

6.3.  Designing a New Front End Based on Grid or 

Near Grid Frequency Switching  

6.3.1. Theory and State-of-the-Art 

Grid or near grid frequency switching were introduced in two-level converter 

topology, shown in Fig. 6.6, for low cost regenerative low voltage drive solutions 

[147-152]. Commonly, under nominal conditions, IGBT modules are turned on and 

off once per grid frequency. The following discussion introduces different 

modulation and control schemes existing in the state-of-the-art to implement grid 

or near grid frequency switching for two-level front ends.  

L Filter

C

S4 S5 S6

Va

Vb

Vc

 
Fig. 6.6 Two-Level Front End. 
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a) Natural Triggering Control 

One approach is discussed in [147-151], in which diodes operate and IGBTs are 

deactivated during motoring mode, while diodes are reverse-biased and IGBTs are 

triggered during regeneration mode. IGBTs are triggered at their natural triggering 

instants at the intersections of the front end input line voltage waveforms during 

regeneration mode. Fig. 6.7 illustrates the natural triggering process. This mimics 

diode operation but in regeneration mode. Fig. 6.7 shows that under natural 

triggering, each switch conducts for 120°per grid frequency cycle.  

60 ���

Va Vb Vc

S1

S2

S3

S4

S5

S6

 
Fig. 6.7 IGBTs Natural Triggering Instants During Regeneration [147]. 

 

The DC-bus voltage utilization (VLL(r.m.s.)/VDC) for the two-level front end 

under this modulation scheme with respect to input line-to-line voltage is about 
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70%, which is similar to the case of the diode bridge. A simple control scheme 

employing this modulation scheme is shown in Fig. 6.8 [147].  It utilizes a PLL to 

estimate the triggering instants based on the input voltage angle. Although this 

control scheme is simple, it is vulnerable to input voltage disturbances, as it does 

not involve a means for DC-bus voltage regulation.  

 

Natural 
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����grid 
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Fig. 6.8 A Simple Control Based on IGBTs Natural Triggering at Regeneration 

[147]. 
 

In order to improve the performance of natural triggering during input 

voltage disturbances, a degree of freedom is added to the modulator to provide 

means for DC-bus voltage regulation. A triggering delay angle (α ) is used to reduce 

the IGBT conduction from 120°  to 120 2α°− . The delay angle is measured from 

instants at the intersections of the front end input line voltage waveforms as shown 

in Fig. 6.9 [149, 150]. Through the manipulation ofα , the DC-bus voltage 

utilization is varied according to Eqn. 6.3. This relationship between input voltage, 
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DC-bus voltage, and delay angleα  can be utilized to regulate the DC-bus voltage 

during input voltage disturbances.  

2 * * f ( ) + 
dc LL

V V Vα= ∆  (6.3) 

, where ∆V is the voltage drop on equivalent inductance seen by the front end 

including transformer reactances and any added filter inductances. 
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Fig. 6.9 IGBTs Triggering Based on Delay Angle (α ) during Regeneration  

[149, 150]. 

 

A control scheme based on the delay angle triggering is presented in Fig. 

6.10. The modulator requires the input voltage angle and delay angle α . The input 

voltage angle is estimated through a PLL. The delay angle α  is determined based 

on the control action of a PI control regulating the DC-bus voltage to a set point. 
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There are two main disadvantages associated with this control scheme. First, 

this form of delay angle control is only suitable for symmetric input voltage 

disturbances. However, asymmetric input voltage disturbances are more probable. 

Under this control scheme, high unbalanced current peak flow under asymmetric 

input voltage disturbances. Second, the conduction period reduction associated with 

the delay angle control leads to higher current peaks if the RMS value of the current 

is kept the same. For example, the voltage drop on equivalent inductance seen by 

the front end varies with load current. This leads to variations in DC-bus voltage 

as given in Eqn. 6.3. Utilizing this form of DC-bus voltage regulation to regulate 

these load-driven variations gives rise to higher peak currents, which is undesirable.  
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Fig. 6.10 DC-bus Voltage Regulation Based on Delay Angle Triggering at 

Regeneration [149, 150]. 
 

b) Voltage Angle Control 

Another approach discussed in [150], in which the front end is set to regulate the 

DC-bus voltage during both motoring and regeneration modes. IGBTs operate 

during both motoring and regeneration to perform voltage angle control.  Fig. 6.11 
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illustrates the concept of voltage angle control. Eqn. 6.4 shows the relation between 

the power flowP and voltage angleδ . There is no power flow if the voltage angle

δ is set to zero.  

The power flow is from the grid to the front end if the voltage angle δ  is set to a 

positive value, which represents motoring mode. The power flow is from the front 

end to the grid if the voltage angle δ  is set to a negative value, which represents 

regeneration mode. This relation between the power flow and voltage angle is used 

for DC-bus voltage regulation at no load, motoring, and regeneration. 

2-Level
FE

Vgri

d  
0 VFE  ẟ

Xfilter  

 
VFE  

ẟ
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(a) FE Circuit Diagram (b) FE Vector Diagram 

Fig. 6.11 Voltage Angle Control Concept [152]. 

 

| | * | |
*

grid FE

filter

V V
P

X
δ≈  (6.4) 

, where grid voltage represents the input voltage for the front end and max 30o
δ = ±

to guarantee the correctness of the linear approximation in Eqn. 6.4. 

Fig. 6.12 presents a possible implementation for this approach. It consists of 

a DC-bus controller and current-based voltage angle control. A PLL is used to 

estimate grid voltage angle required for modulation and dq current transformation. 
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The DC-bus voltage controller produces q-axis reference current to the voltage 

angle controller. The voltage angle controller is comprised of a PI controller that 

produces a control signal mbased on the comparison between the reference and the 

measured q-axis current. In addition, the voltage angle controller uses the produced 

control signalm to compute the voltage angleδ  based on grid frequency, grid 

voltage, and the lumped equivalent resistance and filter inductance seen by the 

front end. The generated voltage angle δ along with the grid voltage angle are fed 

into the modulator to generate the gating signals to the front end based on six-step 

modulation as shown in Fig. 6.13. Each IGBT operates for180°per grid frequency 

cycle. Accordingly, the DC-bus voltage utilization for the two-level front end under 

this modulation scheme with respect to input line-to-line voltage is about 78%.  
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Fig. 6.12 DC-bus Voltage Regulation Based on Delay Angle Triggering at 

Regeneration [151]. 
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Fig. 6.13 Six-Step Modulation [151]. 

 

There are three main disadvantages associated with this control scheme. One 

of the drawbacks of this method is that it is based on current controller. Six-step 

front end voltages result in low order harmonic currents. These harmonic currents 

are difficult to filter out without affecting the controller bandwidth. This 

significantly reduced the motor control bandwidth. Another limitation of this 

control scheme is that it is highly dependent on the system parameters. In addition, 

there is no means for deliberate reactive power compensation, which is crucial for 

riding through input voltage disturbances. 

 

6.3.2. Integration to the Phase Shifting Transformer 

As discussed in Chapter 2, one of the important merits of the DFE CHB drives is 

its compliance to grid connection harmonic standards without the need for 

additional filters. On replacing DFEs with conventional AFEs, additional filters are 
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required to be added at the secondaries and may be to the primary. However, these 

filters can be limited to simple L filters as shown in Fig. 6.2.   Going from a 

conventional AFE to new FE at grid or near grid frequency switching, the input 

harmonic profile and filtering requirement need investigation. This subsection 

investigates the harmonic emissions of front ends control approaches discussed in 

previous subsections: the 120° conduction natural trigger control and the 180°

voltage angle control, considering their integration to the phase shifting 

transformer.  

The investigation begins with revisiting the concept of harmonic cancellation 

in phase shifting multi-winding transformers.  Fig. 6.14 compares between the 

multi-winding transformer and phase shifting multi-winding transformer.  

Grid
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(a) Multi-winding (b) Multi-winding Phase Shifting 

Fig. 6.14 Grid Connection Transformers [2]. 
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In general, the phase shifting multi-winding transformer consists of three 

phase-shifted winding groups, and each winding group includes N phase-shifted 

windings.   For the multi-winding transformer, the primary current equals to N  

times the secondary current, where N is the number of secondary currents. Thereby, 

no harmonic cancellation is achieved at the primary. On the other side, the common 

phase shifting multi-winding transformers employed in DFE CHB utilize two 

possible degrees of freedom to achieve harmonic current cancellation at the primary 

of the transformer with respect to the secondaries. The conventional phase shifting 

transformer utilizes one degree of freedom, which is phase shift angle δ  between 

windings within each group. Given this inter-group phase shift, the primary current 

can be expressed as follows [2]: 

/3

_1

1 1,7,13,19,... 5,11,17,...

sin( ( ) ) sin( ( ) )
N

x n i i n i i

i n n

I I n t I n tω ϕ δ δ ω ϕ δ δ

∞ ∞

= = =

 
= − + − + − + + 

 
    (6.5) 

_1 _ 2 _3 _13p x x x xI I I I I= + + =  (6.6) 

Given these harmonic current expression, for a transformer with three windings per 

group, this angle δ  is set to20° . As a result, cancellation of the 5th, 7th, 11th, and 

13th harmonic components is achieved. In general for N/3 windings per group, the 

phase shift angle δ  between windings in each group is set to180 / N° , where N is 
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the total number of windings. Consequently, harmonic current components of order 

6i ±1, where i is an integer not multiple of N/3, are cancelled in the primary 

current. Thus, for a conventional phase shifting transformer with three windings 

per group, the highest low order harmonic current component cancelled is the 13th. 

In order to achieve higher harmonic order cancelation, another degree of 

freedom is incorporated in the phase-shifting transformer as well, in which 

additional phase shift angle χ is introduced between the winding groups [30, 155].  

Given this intra-group phase shift in addition to the inter-group phase shift, the 

primary current can be expressed as: 
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From eqns. (6.7) and (6.8), for a transformer with three windings per group, this 

angle χ is set to 6.6° , while angle δ  is kept equal to20° . Thus, cancelation of the 

17th, 19th, 35th, and 37th harmonic components is achieved, in addition to what are 

cancelled based on the phase shift angle δ . In general, the phase shift angle χ  
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between the three windings groups in each group is set to 20 / N° , where N is the 

total number of windings. Consequently, harmonic current components of order 6i 

±1, where i is an integer multiple of N/3, are cancelled in the primary current in 

addition to what are cancelled based on the phase shift angle δ . 

 The next step is to analyze the harmonic emissions of front ends control 

approaches discussed in previous subsections. In the 120°conduction natural 

trigger control, the IGBTs mimics diode operation. Therefore, the front end input 

current can be simplified to quasi square wave as shown in Fig. 6.15. The harmonic 

content of this current waveform is as follows [154]: 

max2 3
,    [1,5,7,11,13,...]n

I
I n

nπ
= ∈  

(6.9) 

ξ ξ + π ξ + 2π 

ωt

120o

 

Fig. 6.15 Simplified Front End Input Current under Natural Triggering. 

 

Eqn, 6.9 shows that the input front end current includes harmonic components of 

order 6i ±1, where i  is an integer. Fortunately, as discussed before, the phase 

shifting multi-winding transformer has the capability to cancel these current 

harmonic on the primary. Therefore, on interfacing the 120°conduction natural 
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trigger front end to the secondary of the phase shifting multi-winding transformer, 

the filtering requirement required to satisfy the grid connection harmonic 

requirements are significantly reduced.    

In the 180°voltage angle control front end, each IGBT conducts for a half a 

cycle, which results into a phase voltage waveform as shown in Fig. 6.16a. However, 

a more general switching scheme, which is to be discussed later, results into a phase 

voltage waveform as shown in Fig. 6.16b. The harmonic content of this front end 

voltage waveform and the respective input current are as follows [154]: 

1

2
1 2 ( 1) cos ,    [1,3,5,7,9,...]
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kdc

n k

k

V
V n n
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ξ ξ + π ξ + 2π 
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(a) 180 Conduction (Six-Step Modulation) 

α 

ξ ξ + 2π 

ωt

ξ + π 

 

(b) Quasi Square Wave with Single α Angle Control 

Fig. 6.16 Phase Voltage for Voltage Angle Control Front End. 
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Similar to the case for 120°conduction natural trigger control, for the 180°voltage 

angle control, the expression shows that the input front end current includes 

harmonic components of order 6i ±1, , where i  is an integer.  As a result, on 

interfacing the 180°voltage angle control front end to the secondary of the phase 

shifting multi-winding transformer, the filtering requirement required to satisfy the 

grid connection harmonic requirements are significantly reduced. Ideally, the 

harmonic current requirement at the primary can be satisfied solely through the 

phase shifting transformer without the need for extra filtering. However, extra filter 

inductances at the secondaries, as shown in Fig. 6.2b, are required to reduce the 

secondary current harmonics affecting both the front ends and the transformer, and 

reduce control interactions between the front ends.    

6.4.  Proposed New Front End Control Schemes 

In this section, new control schemes are proposed for both grid frequency front end 

approaches presented in subsection 6.3.1.  

6.4.1. Asymmetric Delay Angle Control 

For the first approach, the objective is to address two main challenges. First, the 

high unbalanced current peak flow under asymmetric input voltage disturbances. 

Second, the sustained higher than nominal current peaks associated with DC-bus 
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voltage regulation function. Fig. 6.17 presents the proposed control scheme for delay 

angle natural triggered front end.  
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Waveform 
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Secondary 
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Fig. 6.17 Proposed Control Scheme for Delay Angle Natural Triggered Front End. 

 

The proposed controller includes voltage waveform estimator, reactive power 

controller, DC-bus voltage controller, regen controller, angle controller, and delay 

angle modulator.  The voltage waveform estimator utilizes a positive sequence PLL, 

a negative sequence estimator and waveform generators to estimate the positive 

sequence voltage magnitude V
+

and filtered phase voltage waveforms Van, Vbn, and 

Vcn as shown in Fig. 6.18. This estimation is required instead of direct measurement 

of voltage waveform, if to synchronize the front end to a distorted AC input, which 

is the typical case for industrial electrical supply. The reactive power controller 
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provides a DC-bus voltage control mode signal DCmode and DC-bus voltage 

reference 
_DC refV based on the estimated positive sequence voltage magnitude signal 

V
+

. The DC-bus voltage controller provides a front end opening signal FE. Opening  

in a range of 0 to 1 based on DC-bus voltage reference 
_DC refV , DC-bus voltage 

measurement 
DCV , the front end mode signal FE. Mode, DC-bus voltage control 

mode signal DCmode, and the positive sequence voltage magnitude signal V
+

. 

Van
 ,Vbn ,Vcn

vabc Positive 
Sequence PLL

|V|+

θgrid
+

 

Voltage Waveform
Generator (1)
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+ ,Vbn

+
 ,Vcn

+
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|V|-
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- 

Voltage Waveform
Generator (2)
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- ,Vbn

-
 ,Vcn

-

+

|V|+

ωt

 

Fig. 6.18 Proposed Voltage Waveform Estimator. 

 

DC-bus voltage controller may use mω  information for DC-bus voltage 

filtration. A regen controller provides a front end mode signal FE. Mode having a 

value of 0 or 1 based on the direction of motor side power P0_cell calculated at the 

motor controller. The DC-bus voltage controller structure is shown in Fig. 6.19. Its 

main task is to regulate the DC-bus voltage to the reference value only during input 

voltage disturbance events. This results in reduction of peak currents during 

nominal input voltage in trade of load-driven variations of the average DC-bus 
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voltage caused by the voltage drop on inductances between the front end and the 

supply. DC-bus voltage regulation during input voltage disturbances is performed 

through the signal value FE. Opening  to a value between 0 and 1 based on the 

error between the reference DC-bus voltage VDC_ref  and the measured DC-bus 

voltage, the front end mode signal FE. Mode, and DC-bus voltage control mode 

signal DCmode. In order to improve the transient response of DC-bus voltage 

controller, a feedforward compensator is employed based on the estimated positive 

sequence voltage magnitude signal V
+

.  The controller includes a range conversion 

from [1, 2] to [0, 1], where FE. Opening equals to 0 represents full obstruction 

against the back power flow to the grid while FE. Opening equals to 1 represents 

full permissibility for back power flow. The Logic block shown in Fig. 6.19 

determines the modes of operation of the DC-bus voltage controller. The controller 

output FE. Opening  is set to 1 when DCmode is 1, FE. Opening is set between 0 

and 1 when DCmode is between 0 and 1, FE. Opening is set 0 when FE. Mode is 0. 
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Fig. 6.19 Proposed DC-bus Voltage Controller. 
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The angle controller provides a delay angle signal α  based on the front end 

opening signal FE. Opening, the front end mode signal FE. Mode, and DC-bus 

voltage control mode signal DCmode. Table 6.4 illustrates the operational modes of 

the front end. At motoring, FE. Mode equals to 0 forces α to be equal to 60° or 

higher, which is sufficient to assure no current flow in the IGBTs. At regeneration, 

during normal operation, FE. Opening is set to 1, which results in α equals to 0°

. At regeneration, during input voltage disturbance, if the input voltage magnitude 

is between 0.9 and 1.1 pu, FE. Opening is set to 1, which results in α equals to 0°

, while the DC-bus reference is manipulated between _ ,minDC ref
V and _ ,maxDC refV . 

Table 6.4 FE Operational Modes for Delay Angle Control 
Input Voltage 

 V
+

 

Reactive Power Controller Action 

modeDC , _DC ref
V  

Angle Controller Action 

α  

90% - 110% 
modeDC = 1, 

_ ,minDC refV <
_DC refV <

_ ,maxDC refV  
α = 0°  

< 90% 
0 < 

modeDC < 1, 

_DC refV  =  _ ,minDC ref
V  

0° < α < 30°  

 

At regeneration, during input voltage disturbance if the input voltage magnitude 

is below 0.9 pu, FE. Opening is set between 0 and 1, which results inα between 

0°  and 30° , while the DC-bus reference is set to VDC_ref, min. This allows the front 

end to regulate the DC link voltage according to the following expression: 

2 * * ( ) + 
dc LL

V V g Vα= ∆  (6.12) 
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, where ∆V  is the voltage drop on equivalent inductance as seen by the front end, 

g(α) is a factor relating the delay angle α and corresponding DC-bus voltage at 

regeneration during voltage sag, where g(0o) = 1 and g(120o) → ∞. 

The modulator generates the gating signals based on the delay angle signal 

α  and the estimated voltage waveforms signals Van, Vbn, and Vcn. As shown in 

Fig. 6.20, the delay angle is asymmetric, that is the triggering of the IGBTs is 

delayed by α  from the instants of the intersection of the input voltage waveforms.  

Va Vb Vc

S1

S2

S3

S4

S5

S6

60 deg

α 

 
Fig. 6.20 IGBTs Triggering Based on the Asymmeteric Delay Angle Modulation. 

 

The delay angle α  results in reduction of the IGBT conduction from 120°  to 120 α° −

. This is different from the symmetrical delay angle modulator presented in 

subsection 6.3.1. In this scheme, the triggering of the IGBTs is delayed by α  from 

the instants of the intersection of the input voltage waveforms from one side.  



Ph.D. Thesis – Ahmed Abuelnaga       McMaster University – Electrical Engineering 

177 

 

In addition, triggering of the IGBTs is advanced by α  from the instants of 

intersection of input voltage waveforms from the other side. This advanced 

triggering requires the prediction of the instants of intersection of input voltage 

waveforms, which is only possible if waveforms are symmetric. In case of 

asymmetric input voltage waveforms as shown in Fig. 6.21, which is more probable 

for input voltage disturbance events [157-163], instants of intersection of input 

voltage waveforms cannot be predicted. Thus, the proposed asymmetrical delay 

angle modulator causes lower input current unbalance in case of input voltage 

disturbances compared to the symmetric delay angle modulator. Fig. 6.22 shows 

the proposed asymmetric delay angle modulation under input voltage unbalance. 

Time

V
o
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Fig. 6.21 Estimated Voltage Waveform under Asymmetric Input Voltage 

Disturbance. 

Time
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Fig. 6.22 Proposed Asymmetric Delay Angle Modulation under Asymmetric Voltage 

Disturbance. 
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6.4.2. Proposed Voltage Angle Control 

For the second approach, the objective is to address three main challenges. First, 

the low control bandwidth caused by the inherently sluggish current control. 

Second, the high dependence of the controller on system parameters. Third, the 

lack for means for deliberate reactive power compensation, which is crucial for 

riding through input voltage disturbances [164-170]. Fig. 6.23 presents the proposed 

control scheme for voltage angle control. The proposed controller includes a positive 

and negative sequence PLL, reactive power controller, DC-bus voltage controller, 

active power controller, waveform generator and negative sequence compensator, 

and voltage waveform modulator.  The PLL block provides positive and negative 

sequence voltage magnitudes V
+

and V
−

, angles grid
θ

+ and grid
θ

− , and an 

intermediate angle tω   as shown in Fig. 6.24. The reactive power controller 

provides modulation index mode signal mmode and DC-bus voltage reference _DC refV  

based on the estimated positive sequence voltage magnitude signal V
+

. 

As shown in Fig. 6.25, the DC-bus voltage controller provides active power 

reference ref
P  based on DC-bus voltage reference 

_DC refV , measured DC-bus voltage 

DCV , motor power 0_cell
P , and speed m

ω  calculated at the motor controller. The 

controller employs a gain scheduled PID with bump-less transfer capability based 
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on motor speed signal mω . More aggressive controller response is used for high 

motor speeds for better DC-bus voltage disturbance rejection while less aggressive 

controller response is used for low motor speeds. Feedforward component based on 

motor side power 
0_cellP  is another degree of freedom for enhancing DC-bus voltage 

disturbance rejection and reducing input current overshoots.  
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Fig. 6.23 Proposed Control Scheme for Voltage Angle Controlled Front End. 
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Fig. 6.24 Proposed Positive and Negative Sequence PLL. 
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Fig. 6.25 Proposed DC-bus Voltage Controller. 
 

In order to improve the transient response of the controller during DC-bus voltage 

startup, a Pre-Filter is utilized with the DC-bus voltage reference _DC ref
V . DC-bus 

voltage controller may use mω information for DC-bus voltage filtration. The active 

power controller provides a power angle signal δ  based on the power reference 

signal ref
P  and the secondary positive sequence voltage magnitude signal V

+

. The 

power angle δ is computed according to the following approximate expression: 

( )
2

*ref filterP X

V

δ
+

≈  (6.13) 

 

The voltage waveform generator and negative sequence compensator are 

presented in Fig. 6.26. It takes as inputs the positive and negative sequence voltage 

magnitudes V
+

and V
−

, the angles grid
θ

+
and grid

θ
− , the intermediate angle tω , 

the DC-bus voltage reference _DC ref
V , and the power angle δ  as inputs to generate 
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modulation signal m  and the unity reference waveforms ref
U . Given these inputs, 

the negative sequence compensator computes the required three phase voltage 

magnitudes aV , bV , c
V and their respective angles a

V∠ , b
V∠ , c

V∠  to be produced 

by the front end.  

Fig. 6.27 presents the details of the proposed compensator block. It 

implements a means to calculate the front end voltage vector: magnitude and angle 

for each phase, based on positive and negative sequence information. The three 

phase voltage magnitudes a
V , b

V , c
V ; in addition to the DC-bus voltage reference 

_DC ref
V  and the modulation mode modem calculated at the reactive power controller 

are supplied to the modulation index calculator to determine the front end 

modulation index. The reference waveform generator receives the three phase 

voltage angles a
V∠ , b

V∠ , c
V∠ and generates a corresponding three unity reference 

sinusoids ref
U . 
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Fig. 6.26 Proposed Voltage Waveform Generator and Negative Sequence 

Compensator. 
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Fig. 6.27 Proposed Negative Sequence Compensator. 
 

Fig. 6.28 illustrates the proposed modulation index calculation block. It calculates 

the modulation index for each phase based on Eqns. 6.14 and 6.15 assuming quasi 

square voltage waveform with single angle α  as shown in Fig. 6.29. The selector 

block sets the modulation index either to a fixed mode ( 1m = ) or variable mode (

0 1m< < ) based on modem signal generated from the reactive power controller. 

Table 6.5 summarizes front end operation modes as implemented in the reactive 

power controller. The reactive power controller minimizes the difference between 

supply voltage magnitude and front end terminal voltage magnitudes, where the 
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reactive power is proportional to their difference.  This is achieved by controlling 

the DC-bus voltage reference 
_DC refV  and/or modulation index m  as given in Eqn. 

6.14. During normal operation, modem  is set to 0, which results in m  equals to 1.  
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Fig. 6.28 Proposed Modulation Index Calculation. 
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Fig. 6.29 Phase Voltage for the Proposed Voltage Angle Control Front End. 
 

Table 6.5 FE Operational Modes for Voltage Angle Control 

Input Voltage  

V
+

 

Reactive Power  
Controller Action 

modem , _DC ref
V  

Modulation Index 

m  

90% - 110% modem = 1, 

_ ,minDC refV <
_DC refV <

_ ,maxDC refV  
m= 1 

< 90% 
0 < modem < 1, 

_DC ref
V  =  _ ,minDC ref

V  
0 < m< 1 



Ph.D. Thesis – Ahmed Abuelnaga       McMaster University – Electrical Engineering 

184 

 

During input voltage disturbance if the input voltage magnitude is between 0.9 and 

1.1 pu, modem is set to 0, which results inm equals to 1, while the DC-bus reference 

is manipulated between _ ,minDC ref
V and _ ,maxDC ref

V . During input voltage 

disturbance if the input voltage magnitude is below 0.9 pu, modem is set to 1, which 

results inmbetween 0 and 1, while the DC-bus reference is set to _ ,minDC ref
V . Fig. 

6.29 shows that the modulation index calculation block includes a saturation block. 

It can be used to limit the maximum modulation index to max 1m < . The maxm is to 

be chosen so that minimum secondary harmonic current THD is achieved when 

modem is set to 1. 

Fig. 6.30 shows the phase voltage for the proposed voltage angle control front 

end with the optimized modulation scheme. Table 6.6 summarizes front end 

operation modes as implemented in the reactive power controller under the 

optimized modulation scheme.  

α 

ξ ξ + 2π 
ωt

ξ + π 

 

α 

ξ ξ + 2π 
ωt
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(a) maxm m=  (180 Hz) (b) max0 m m< <  (180 Hz) 

Fig. 6.30 Phase Voltage for the Proposed Voltage Angle Control Front End. 
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Table 6.6 FE Operational Modes for Voltage Angle Control with Optimized 

Modulation Index. 

Input Voltage  

V
+

 

Reactive Power  
Controller Action 

modem , _DC ref
V  

Modulation Index 

m  

90% - 110% 
modem = 1, 

_ ,minDC refV < _DC refV < _ ,maxDC refV  
maxm m=  

< 90% 
0 < modem < 1, 

_DC ref
V  =  _ ,minDC ref

V  
0 < m< maxm  

 

The modulator synthesizes the gating signals based on the modulation index

m , and the unity reference waveforms ref
U  generated from the voltage waveform 

generator and negative sequence compensator. Fig. 6.31 illustrates a proposed 

implementation for the modulator block. The modulation index m for each phase 

is converted to corresponding sinα  values, which are compared with the unity 

reference waveforms ref
U  to synthesize the required gating signals. 
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Fig. 6.31 Proposed Modulator. 
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6.5.  Simulation and Experimental Validation  

In order to validate effectiveness of the proposed grid or near grid frequency 

switching FE control schemes in achieving the stated objectives, simulation and 

experimental studies have been performed on a 9-cell regenerative CHB converter 

with parameters given in Table 6.7. System model have been built in 

MATLAB/Simulink.  

Table 6.7 CHB Converter Simulation and Experimental Studies Main Parameters 
Converter parameter Simulation Value Experimental  Value 

Cell DC-bus voltage (V) 

830 (0.93 p.u) 

or 

919 (1.02 p.u) 

100 or 110 

Transformer Secondary Side Voltage 

(V) 
650 80 

Equivalent Secondary Inductance  

(mH) 
1 4 

DC-Bus Capacitance (µF) 8600 2300 

Base Current (A) 200 - 

 

6.5.1. Proposed Delay Angle Control 

a) Simulation Studies 

Simulation results for the proposed delay angle control under nominal input voltage 

are presented in Fig. 6.32. The equivalent secondary inductance used in simulation 

studies for this control scheme is about 1 mH to test performance at low inductance. 

Fig. 6.32a shows the secondary current during motoring, only back diodes conduct. 
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Fig. 6.32b shows the secondary current during regeneration, the current flows in 

the IGBTs and freewheel in the back diodes. Fig. 6.32c and 6.32d compare the line 

voltages at the front end terminals during both motoring and regeneration. 

Terminal voltage during regeneration is higher than during motoring due to the 

increase of DC-bus voltage during regeneration with respect to case in motoring as 

shown in Fig. 6.32e and 6.32f. 

 
(a) Secondary Current at Motoring 

 
(b) Secondary Current at Regeneration 

 
(c) Front End Terminal Voltage at Motoring 
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(d) Front End Terminal Voltage at Regeneration 

  
(e) DC-bus Voltage at Motoring (f) DC-bus Voltage at Regeneration 

Fig. 6.32 Simulation Results for Delay Angle Control under Nominal Input 

Voltage. 

The dynamic performance of the proposed control scheme is important aspect 

to be validated. Fig. 6.33 shows the secondary current under a 1 p.u change in the 

regeneration power. The simulation result shows a fast dynamic response without 

current overshoots. 

 

Fig. 6.33 Secondary Current during 1 p.u Step Regeneration. 
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Another important aspect to be validated is that capability of the proposed 

control scheme to regulate the DC-bus voltage in case of voltage sag condition, 

either symmetric or asymmetric voltage sag. In case of asymmetric voltage sag, the 

proposed control scheme should be able to limit the current unbalance. Fig. 6.34 

shows DC-bus voltage and secondary current at nominal conditions, where the 

delay angle is set to zero resulting in 120o
conduction of the IGBTs. At this 

condition, the DC-bus voltage is not regulated and the increase in the DC voltage 

beyond the no-load condition (1 p.u) is determined by the equivalent inductance in 

front of the front end and the amount of the regenerative power.  

  
(a) DC-bus Voltage (b) Secondary Current 

Fig. 6.34 Regeneration at Nominal Conditions. 
 

Fig. 6.35 shows DC-bus voltage and secondary current at sag conditions. The 

delay angle increases to constraint the conduction of  IGBTs and thereby regulating 

the DC-bus to its reference value (1.02 p.u). Fig. 6.36 shows DC-bus voltage and 

secondary current at asymmetric sag conditions. Similar to the case in Fig. 6.35 the 

control has managed to regulate the DC-bus through setting the delay angle.  
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(a) DC-bus Voltage (b) Secondary Current 

Fig. 6.35 Regeneration at Symmetric Sag Condition. 
 

  
(a) DC-bus Voltage (b) Secondary Current 

Fig. 6.36 Regeneration at Asymmetric Sag Condition 

 

Fig. 6.37 compares primary current in  case of conventional delay angle versus 

the proposed delay angle controller. Current unbalance in the latter case is lower. 

  

(a) Conventional Delay Angle (b) Asymmetric Delay Angle 

Fig. 6.37 Primary Current at Regeneration during Asymmetric Sag Condition. 
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 Additional important aspect to consider is the transient response accompanying 

change in input voltage level. Fig. 6.38 presents the dynamic response of DC-bus 

voltage and secondary current when input voltage changes symmetrically from 1 

p.u to 0.7 p.u. Fig. 6.38a shows the dynamics of DC-bus voltage, where it reaches 

1.2 p.u. Fig. 6.38b shows the secondary current transient when the sag is detected. 

Current is cut off for less than a cycle then it is restored. The feedforward 

component in Fig. 6.19 first reacts then the feedback component starts reacting. 

Through this procedure, the current overshoots can be limited compared to the 

case without this procedure as shown in Fig. 6.38c. 

 
(a) DC-bus Voltage Transient at Voltage Sag 

 
(b) Secondary Current Transient at Voltage Sag 
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(c) Secondary Current Transient  at Voltage Sag Without the Overshoot Limiting 

 

Fig. 6.38 Transient Response of DC-bus Voltage and Secondary Current in a Sag.  

 

b) Experimental Validation 

Experimental validation results for the proposed delay angle under nominal and 

sag conditions are given in Fig. 6.39 to Fig. 6.41. DC-bus voltage, front end input 

terminal voltage, IGBT gating signals, and secondary current are shown 

respectively in Fig. 6.39. Although the no-load DC-bus voltage is about 110 V,  DC-

bus voltage reaches 124 V at regeneration due to the additional 4 mH in front of 

the front end. At sag condition, DC-bus voltage reference has been set to 110 V. 

Fig. 6.40 presents waveforms at about 0.7 p.u input voltage, and Fig. 6.41 presents 

waveforms at about 0.5 p.u input voltage. In both cases, the proposed control 

scheme has managed to regulate DC-bus voltage through manipulating delay angle.  

In addition, Fig 6.40 and 6.41 show that as the regenerative power is kept the 

same, increasing the sag depth results in larger current peaks due to corresponding 

decrease in conduction time. Change of conduction time is seen through comparing 

Fig. 6.40c and 6.41c. 
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(a) SCADA Result of DC-bus Voltage 
(b) FE Terminal Input Voltage  

(62 V / div) (7.6 ms / div) 

  
(c) Secondary Current  

(5A / div)(10ms / div) 

( 60Hz FFT Center) 

(d) Gating Signal  

(18 V / div) (9.2 ms / div) 

 

Fig. 6.39 Regeneration at Nominal Input Voltage. 

 
(a) SCADA Result of DC-bus Voltage 

 
(c) Gating Signal  

(18 V / div) (9.2 ms / div) 

 
(b) Secondary Current  

(5A / div)(10ms / div) 

Fig. 6.40 Regeneration at Voltage Sag (0.7 p.u Input Voltage). 
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(a) SCADA Result of DC-bus Voltage 

 
(c) Gating Signal  

(18 V / div) (9.2 ms / div) 
 

(b) Secondary Current  

(5A / div)(10ms / div) 

Fig. 6.41 Regeneration at Voltage Sag (0.5 p.u Input Voltage). 

 

6.5.2. Proposed Voltage Angle Controller 

a) Simulation Studies 

Simulation results for the proposed voltage angle controller under nominal input 

voltage is presented in Fig. 6.42. The equivalent secondary inductance used in 

simulation studies for this control scheme is about 1 mH to test performance at low 

inductance. Fig. 6.42a and 6.42b show secondary current during motoring and 

regeneration conditions respectively. In both cases, current flows in the IGBTs and 

freewheel in the back diodes. Fig. 6.42c and 6.42d compare the line voltages at the 

front end terminals during both motoring and regeneration. The peak of the 

terminal voltage in both cases is almost equal because DC-bus voltage is regulated 

to the reference (0.93 p.u) in both cases as shown in Fig. 6.42e and 6.42f. 
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(a) Secondary Current at Motoring 

 

(b) Secondary Current at Regeneration 

 

(c) Front End Terminal Voltage at Motoring 

 

(d) Front End Terminal Voltage at Regeneration 
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(e) DC-bus Voltage at Motoring (f) DC-bus Voltage at Regeneration 

Fig. 6.42 Simulation Results for Voltage Angle Control under Nominal Input 

Voltage. 
 

The dynamic performance of the proposed control scheme is important aspect 

to be validated. Fig. 6.43 shows secondary current under a 1 p.u change in  

regeneration power. The simulation result shows a fast smooth dynamic response 

without overshoots in the current. In addition, it is important to note that there is 

current flow at no load conditions. However, this current is composed of harmonic 

components and does not contain fundamental component. Given a DC voltage 

reference value, the magnitude of these harmonic components depends on the 

equivalent secondary inductance. The modulation scheme illustrated in Table 6.6 

can be employed to reduce the harmonic current at no load. 

 
Fig. 6.43 Secondary Current during 1 p.u Step Regeneration. 
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Another important aspect to be validated is the capability of the proposed 

control scheme to regulate the DC-bus voltage in case of voltage sag condition, 

either symmetric or asymmetric voltage sage. In case of asymmetric voltage sag, 

the proposed control scheme should be able to limit the current unbalance. Fig. 

6.44 shows DC-bus voltage and secondary current at nominal conditions. At 

nominal conditions, the modulation index is set to one resulting in 180o
conduction 

of the IGBTs. At this condition, the DC-bus voltage is regulated to the given 

reference value at 0.93 pu as shown in Fig. 6.44a 

Fig. 6.45 shows DC-bus voltage and secondary current at sag conditions. The 

modulation index decreases to reduce the fundamental voltage generated at the 

terminal of the front end to match the secondary voltage.   

 

(a) DC-bus Voltage 

 

(b) Secondary Current 

Fig. 6.44 Regeneration at Nominal Conditions. 
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(a) DC-bus Voltage 

 

(b) Secondary Current 

Fig. 6.45 Regeneration at Symmetric Sag Condition.  
 

This reduction of the fundamental component of the front end terminal 

voltage is achieved through producing gating pattern based on the modulation 

index as shown in Fig. 6.29.  Fig. 6.46 shows DC-bus voltage and secondary current 

at asymmetric sag conditions. Similar to the case in Fig. 6.45, the control has 

managed to regulate the DC-bus through setting the modulation index. Fig. 6.47 

compares the primary current for the cases without and with the negative sequence 

compensator. The current unbalance in the latter case is lower. 

 

(a) DC-bus Voltage 

 

(b) Secondary Current 

Fig. 6.46 Regeneration at Asymmetric Sag Condition. 
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(a) Symmetrical Delay Angle 

 

(b) Asymmetric Delay Angle 

Fig. 6.47 Primary Current at Regeneration during Asymmetric Sag Condition. 

 

b)   Experimental Validation 

Experimental validation results for the proposed voltage angle under nominal and 

sag conditions are given in Fig. 6.48 to Fig. 6.50. Equivalent secondary inductance 

is about 4 mH in the front end. DC-bus voltage reference is set to 100 V. DC-bus 

voltage, front end input terminal voltage, and secondary current are shown 

respectively in Fig. 6.48.  DC-bus voltage is regulated around 100 V as shown in 

Fig. 6.48a. Front end terminal voltage is quasi-square wave as shown in Fig. 6.48b.  

Fig. 6.49 presents waveforms at about 0.7 p.u input voltage, and Fig. 6.50 

presents waveforms at about 0.5 p.u input voltage. In both cases, the proposed 

control scheme has managed to regulate the DC-bus voltage to the reference value 

through manipulating the modulation index. In addition, Fig 6.49 and 6.50 show 

that as the regenerative power is kept the same, increasing the sag depth results in 
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larger current peaks due to corresponding decrease in conduction time. Change of 

conduction time can be seen through comparing Fig. 6.49b and 6.50b. 

 

 

(c) Secondary Current  

(10A / div)(20ms / div)( 60Hz FFT Center) 

(a) SCADA Result of DC-bus Voltage 

 

(b) FE Terminal Input Voltage  

(100 V / div) (10 ms / div) 

Fig. 6.48 Regeneration at Nominal Input Voltage. 

  

 

 

(c) Secondary Current  

(10A / div)(20ms / div)( 60Hz FFT Center) 

(a) SCADA Result of DC-bus Voltage 

 

(b) FE Terminal Input Voltage  

(100 V / div) (10 ms / div) 

Fig. 6.49 Regeneration at Voltage Sag (0.7 p.u Input Voltage). 
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(c) Secondary Current  

(10A / div)(20ms / div)( 60Hz FFT Center) 

(a) SCADA Result of DC-bus Voltage 

 

(b) FE Terminal Input Voltage  

(100 V / div) (10 ms / div) 

Fig. 6.50 Regeneration at Voltage Sag (0.5 p.u Input Voltage). 
 

 Another important aspect to validate is the harmonic cancellation at the 

transformer primary. In this experiment, the front ends have been operated in 

reactive power supply mode, which provides a less involving means to test harmonic 

cancellation at the primary of the transformer. The test has been conducted at 

nominal input voltage and under sag conditions. In addition, two windings 

configurations of the phase shifting transformers discussed in subsection 6.3.2 have 

been employed in the experiment as shown in Fig. 6.51. Fig. 6.51a shows the 

conventional 18- pulse phase shifting transformer. Fig. 6.51b shows a modified 

phase shifting transformer with phase shift between winding groups resulting in an 

equivalent 54-pulse transformer.  
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(a) 18-pulse 
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Transformer

Windings 
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Grid
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0o
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-20o
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20o
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0o

20o
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(b) 54-pulse 

Fig. 6.51 Phase Shifting Transformer Configuration. 
 

Fig. 6.52 shows secondary current and respective primary current under 

nominal conditions for the two transformer winding configurations. The secondary 

current FFT shows presence 17th and 19th harmonic components as shown in Fig. 

6.52a, which are not cancelled out at the primary of the 18-pulse transformer 

configuration. Presence of 17th and 19th harmonic components at the primary 

current can be seen in Fig. 6.52b. These harmonic components are cancelled out in 

primary current in case of the 54-pulse configuration as shown in Fig. 6.52c. 

Fig. 6.53 to Fig. 6.55 show secondary and primary currents under nominal, 

0.7 p.u, and 0.5 p.u input voltages for 54-pulse transformer. Results show the ability 

of the transformer to cancel low order harmonics at the primary in all conditions. 
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(a) Secondary Current 

 (100V / div)(10ms / div)( 60Hz FFT Center) 
 

 

(b) Primary Current of the 18-pulse Transformer  

(20A / div)(10ms / div)( 60Hz FFT Center) 
 

 

(c) Primary Current of the 54-pulse Transformer 

(20A / div)(10ms / div)( 60Hz FFT Center) 

Fig. 6.52 Harmonic Cancellation at the Primary. 
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(a) Secondary Current  

(5A / div)(10ms / div) 

(b) Primary Current of 54-pulse Transformer  

(20A / div)(20ms / div)( 60Hz FFT Center) 
 

Fig. 6.53 Harmonic Cancellation at the Nominal Input Voltage. 
 

 

 
(a) Secondary Current  

(7A / div)(10ms / div) 

(b) Primary Current of 54-pulse Transformer  

(20A / div)(20ms / div)( 60Hz FFT Center) 
 

Fig. 6.54 Harmonic Cancellation at the 0.7 p.u Input Voltage. 
 

 

 

 
(a) Secondary Current  

(7A / div)(10ms / div) 

(b) Primary Current of 54-pulse Transformer  

(20A / div)(20ms / div)( 60Hz FFT Center) 
 

Fig. 6.55 Harmonic Cancellation at the 0.5 p.u Input Voltage. 
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6.6.  Summary 

To satisfy grid connection harmonic requirements and reduce filter size, PWM-

based AFE use switching frequency up to 2 kHz to 4 kHz. This increases switching 

losses of power device leading to higher cycling temperature stresses on power 

devices. These stresses accelerate mechanical packaging degradation of power 

switches, which leads to power switches failures. To tackle this challenge, Chapter 

6 proposes two front ends modulation and control schemes in which the FE is 

switched at grid or near grid switching frequency. It has been presented that 

significant reduction in losses, and so significant improvement in power modules 

lifetime has been achieved. In addition, there are other important system benefits 

such as reduction of per cell heat sink size and prevention of high frequency 

emissions into the grid that may excite resonance modes. The chapter proposed a 

delay angle-based and a voltage angle-based grid or near grid switching frequency 

FEs. Harmonic cancellation at the primary of the transformer under the proposed 

modulation schemes has been covered. In addition, dynamic performance under 

load change and the performance under input voltage disturbances of the proposed 

control schemes have been addressed. 9-cell CHB system simulation and 

experimental studies have validated the effectiveness and the performance of the 

proposed modulation and control schemes while achieving the desired objectives.  



Ph.D. Thesis – Ahmed Abuelnaga       McMaster University – Electrical Engineering 

206 

 

 

 

Chapter 7  

 

Regenerative CHB with 

Reduced Sensor Count 

 

7.1.  Introduction 

An important aspect to be considered is the number of additional sensors required 

by the conventional AFE control schemes. Typically, they employ AC voltage 

sensing for grid synchronization, current sensing for current control, and DC voltage 

sensing for DC-bus voltage regulation [34-42]. Scaling up these sensing requirements 

to n-cells per phase CHB drive results in a huge addition of circuitry in comparison 

to the DFE CHB topology. In addition, transmission of these additional 

measurement signals to a centralized control as in the case of DFE CHB is not 
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practical, therefore, cell based AFE controller implementation is the preferred 

option [34-42]. However, embedding additional sensing and control circuitry to the 

densely-packed power cell operating in harsh conditions such as elevated 

temperatures, compromises power cell’s circuitry reliability [33, 59, 61, 77, 83, 84]. 

These possible reliability issues may be mitigated through larger size or higher cost 

power cell designs, which may not be desirable. Reducing the sensor count and 

employing a centralized control scheme with minimum modifications to the existing 

DFE CHB control scheme is of a huge benefit leading to improvement of system 

reliability and reduction system complexity [33].  

The proposed new centralized control scheme with reduced sensor count is 

meant to address three main challenges: 

1. Improvement of power cells reliability. 

2. Reduction of power cell cost. 

3. Providing the performance required to suit the demanding requirements of 

the motor drives. 
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7.2. Background 

As explained in Chapter 2, the conventional AFE control scheme requires five to 

seven measurements per cell to perform the required control tasks [34-42]. Fig. 7.1 

revisits the conventional AFE control system to highlight these measurements. 

These measurements are one DC-bus voltage for DC-bus voltage regulation, two or 

three AC-line currents for inner loop current control, and two or three AC-line 

voltages for grid synchronization and reactive power compensation.  If a centralized 

control scheme is to be used likewise the DFE CHB; for n-cells per phase AFE 

CHB, large number of signals at high sampling rate need to be transmitted from 

cells to the centralized controller as shown in Fig. 7.2.  

 

VDC-ref

SPWM
Modulator

gates

VDC

mabc

PLL

iabc

vabc

����grid 

 AFE

DC -Bus 
Voltage 

Regulation 

Reactive 
Power 

Compensation

Current 
Control

Secondary 
L Filter

 Secondary 
Voltage

 

Fig. 7.1 Conventional AFE Control Scheme Block.  
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Fig. 7.2 AFE Centralized Control. 

This large data transmission requirement makes implementing conventional 

AFE control in a centralized manner less preferable or even impractical for high n-

cells per phase CHBs. A more preferable approach is to implement AFE control 

locally in power cells as shown in Fig. 7.3 [34-42]. This reduces the data transmission 

requirement near to what is required in the DFE CHB.  

Furthermore, advanced AFE control schemes, similar to what has been 

proposed in Chapter 5, include feedforward signals from the motor controller.   
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These signals are transmitted to the power cells adding burden on the 

communication links. Still from communication links burden point of view, AFE 

local control is preferable. 
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Fig. 7.3 AFE Local Control. 

 

However, local implementation of AFE control requires adding extra sensing 

and control circuitry to the power cells. Already, DEF power cells are densely 

packed as shown in Fig. 7.4, and they are supposed to operate in harsh conditions 

due to elevated temperatures. Embedding extra circuitry to these power cells 
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exposes circuitry to high thermal and mechanical stresses [33, 77, 83, 84]. As 

discussed in section 3.4, these stresses challenge power cell circuitry reliability, and 

so, the drives system reliability. In order to tackle these challenges, new power cell 

designs for AFE CHB are required, which may not be desirable.  

Densely Packed 

Circuitry

 

Fig. 7.4 WEG MVW3000 DFE Power Cell  

(650 V, 140 A, 361 x 255 x 505 mm) [33]. 

 

 Another important aspect to consider the compliance with grid connection 

current harmonic standard. Commonly, AFEs PWM switching frequency is set to 

2 kHz to 4 kHz to reduce the size of L filters required (assuming only L filters are 

used in this case) [32, 34-38, 140]. However, from cost, size, and reliability 

perspectives it is desirable to keep the switching frequency less than 2 kHz while 

keeping the size of L filters as minimum as possible. In order to achieve this, it is 

proposed to perform PWM carrier shifting between the AFEs in the power cells 

[140]. One approach is to introduce 120°carrier phase shift between AFEs in 

different CHB phases as shown in Fig. 7.5 [140]. In order to implement this carrier 
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shift between AFEs in different power cells, a centralized synchronizer is required 

to transmit synchronization signals to the power cells. This is illustrated in Fig. 7.3 

and in more details in Fig. 7.6. The quality and precision of these signals is crucial 

for correct AFEs carrier synchronization process. This adds a significant burden on 

the communication links between the centralized controller and the power cells.  

A centralized AFE control scheme as shown in Fig. 7.2 allows the 

implementation of AFEs PWM carrier synchronization in the centralized controller. 

Fig. 7.7 illustrates the centralized AFEs PWM synchronization. It is similar to the 

H-bridges PWM synchronization and generation. In both cases, PWM signals are 

synchronized and generated in the centralized controller, then are transmitted 

through the communication links to the power cells.   

It is a system design decision to select between transmitting the AFEs PWM 

synchronization signals to local PWM modulators in power cells, or synchronizing 

and generating AFEs PWM signals in the centralized control and transmitting the 

PWM signals to the AFEs. Both add burden on the communication links to the 

power cells and there is no clear advantage of one over the other in this regard.  

Therefore, for AFEs, in order to realize the benefits offered by the centralized 

control scheme; the control scheme should rely on reduced sensor count. 
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Fig. 7.5 AFE 120°Carrier Phase Shift [140]. 
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Fig. 7.6 Decentralized AFEs PWM synchronization (120°carrier shift). 
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Fig. 7.7 Centralized AFEs PWM synchronization (120°carrier shift). 
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Regarding grid frequency switching front ends discussed in Chapter 6, beside 

the benefits they offer namely the improved IGBTs reliability and reduced cooling 

requirement; they provide other system advantages. For example, grid frequency 

switching front ends do not require gating synchronization among each other in 

comparison to the AFEs. Fig. 7.8 presents the grid or near grid frequency switching 

local control scheme. However, as illustrated in Chapter 6, different approaches for 

grid frequency switching front ends show the possibility of reducing the sensors 

count.   
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Fig. 7.8 Grid or Near Grid Frequency Switching Local Control.  
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Thus, adoption of centralized grid frequency switching front end control 

scheme with minimum modifications without adding burden on communication 

links to power cells is of significant potential compared to AFE counterpart. Fig. 

7.9 shows a grid or near grid frequency switching centralized control. 
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Fig. 7.9 Grid or Near Grid Frequency Switching Centralized Control. 
 

Accordingly, in the search for cost effective front end, it is desirable to reduce 

sensor count and employ a centralized control scheme with minimum modifications 

to the existing DFE CHB power cells. This leads to huge improvement of reliability 

and reduction in complexity and cost. In the next section, centralized control 
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schemes with reduced sensor counts for both AFEs and grid or near grid frequency 

switching front ends are proposed. 

 

7.3. Designing a New CHB Front End Control Scheme 

Conventionally, the control system design philosophy behind previously discussed 

CHB front ends control schemes assume independent operation of the front ends. 

That is, they assume the front ends are interfaced to independent voltage supplies 

and the front ends regulate the DC-bus voltages under different loads with arbitrary 

response as illustrated conceptually in Fig. 7.10.  

2-Level
FE

Supply 
1

L Filter
Load 1

DC-Bus

2-Level
FE

Supply 
2

L Filter
Load 2

DC-Bus

.

.  
Fig. 7.10 Independent Operation Concept of CHB Front Ends. 

 

Accordingly, the front ends control strategies rely on local measurements: input 

voltages, input currents, and DC-bus voltage to perform the required control tasks, 

while meeting the high performance requirements. Fig. 7.11 revisits some of these 

control strategies discussed previously. Local input voltage measurements are 

utilized by PLLs for grid synchronization and grid voltage magnitude calculation. 
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In addition, some control strategies utilize current measurements to achieve high 

performance control independent of load dynamics. 
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Fig. 7.11 Examples of Front End Control Schemes Based on Independent 

Operation Concept of CHB Front Ends. 
 

7.3.1. Front Ends Input Voltage Measurements Elimination 

From system perspective, the voltage supplies to which the front ends are interfaced 

are phase- and magnitude- related based on the phase shifting multi-winding 

transformer. Fig. 7.12 shows the CHB converter with front ends [34-42]. The voltage 

angles between windings are shown, where δ represents the secondary voltage angle 
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with respect to the primary. In principal, through the fixed voltages angles phase 

shift between windings, it is sufficient to determine the primary voltage angle to be 

able to estimate secondary voltages angles. In addition, secondary voltages 

magnitudes can be estimated from fixed turns ratio between the primary and 

secondary windings and the primary voltage measurement. Accordingly, secondary 

voltage measurements can be eliminated, while only relying on primary voltage 

measurements, which typically exist in CHB motor drives, for estimating secondary 

voltages angles.  

Practically, transformer angles are not ideal. The tolerance in transformer 

angles may result in degradation in harmonic cancellation capability of the phase-

shifting transformer at the primary especially for very low inductance systems. This 

is beyond the reach of the controller. However, from controller perspective, angles 

need not to be ideal for typical systems.  For very low inductance cases, the 

performance of the control system is compromised. The estimating secondary 

voltages angles is illustrated in Fig. 7.13, where secondary voltages angles are 

expressed as follows: 

1 1 1

2 2 2

3 3 3
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20 ,  0 ,  20

A grid B grid C grid

A grid B grid C grid
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θ θ θ θ θ θ

θ θ θ θ θ θ

θ θ θ θ θ θ

= − ° = + ° = + °

= − ° = + ° = + °

= − ° = + ° = + °

 (7.1) 
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These angles relations represent simple positive sequence model of phase shifting 

multi-winding transformer. This model is suitable for nominal symmetric primary 

voltage. However, practically, the incoming primary voltages may include sustained 

unbalance component; for instance, 5% unbalance where the voltage unbalance is 

expressed as follows:  

Maximum Deviation from the mean of V , V , V
Voltage Unbalance = 

The mean of V , V , V

ab bc ca

ab bc ca

 (7.2) 

 

M

Phase Shifting 
Transformer

A B C

FE Power 
Cells

Grid

Additional 
Input 

L Filter

δ = -20o

δ = 20o

δ = 0o

δ = -20o

δ = 0o

δ = 20o

δ = -20o

δ = 0o

δ = 20o

 

Fig. 7.12 Primary and Secondary Voltages Angles Relation. 
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Fig. 7.13 Concept of Secondary Voltages Angles Estimation Based on Primary 

Voltage Measurement. 
 

Moreover, the incoming primary voltages may suffer disturbances resulting in 

transient symmetric or asymmetric off-nominal voltage conditions. Fig. 7.14 shows 

primary voltage transient unbalance condition. Typically, asymmetric conditions 

are more frequent compared to symmetric conditions [156-163]. The phase shifting 
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transformer model shown in Fig. 7.13 is capable of estimating the angle of the 

positive sequence voltage component.  

However, the primary unbalanced voltage can by decomposed into three sets of 

three-phase voltage as illustrated in the example shown in Fig. 7.15 [157]. The 

corresponding positive and negative sequence show up at the secondaries as shown 

in Fig. 7.16, while the zero sequence is blocked at the primary. 

Time

V
o
lt

a
g
e

 
Fig. 7.14 Example for Primary Voltage Transient Unbalance Condition [157]. 
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Fig. 7.15 Example for Primary Voltage Sequence Components Decomposition [157]. 
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Fig. 7.16 Example for Reflected Secondary Voltage Sequence Components 

Decomposition at Middle Windings (Cell2A, Cell2B, Cell2C) [157]. 
 

Under this condition, the response of a front end control scheme based on 

positive sequence voltage angle estimation can be illustrated as shown in Fig. 7.17.  

Fig. 7.17a shows the positive sequence equivalent circuit of the front ends. The 

front ends synthesize voltage at their AC terminals based on positive sequence 

voltage angle estimation performed through the positive sequence transformer 

model as shown in Fig. 7.13 to control the fundamental active and reactive power 

flows. However, under the positive sequence control, the front ends react as short 

circuits in response to input negative sequence voltage as illustrated in Fig. 7.17b. 

This results in significant uncontrollable negative sequence current flow in the 

secondary windings [164-170], which is reflected to the primary windings. This 

additional current component can cause overcurrent conditions and trigger system 

protection in case of transient input voltage disturbance, which is undesirable as it 

limits the ride through capability of the front ends and the converter as whole. 

Moreover, under sustained unbalanced input voltage condition, the corresponding 
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additional current component causes sustained overstress on the power devices, 

which may cause undesirable long-term reliability issues.  In order to solve this 

issue, the front ends control require information about reflected positive and 

negative sequence voltage components at secondaries. Accordingly, the front ends 

are able to synthesize the required voltage at their AC terminals to control the 

fundamental active and reactive power flows, and to counteract the reflected 

negative sequence voltage to eliminate the negative sequence current component. 

The transformer model is required to estimate both the positive and negative 

sequence voltage angles instead of the model used in Fig. 7.13. 
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(a) Positive Sequence Equivalent Circuit 
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Fig. 7.17 Positive Sequence Controlled Front Ends Response to Asymmetric 

Primary Voltage Disturbance. 

In principal, through the fixed voltages angles phase shift between windings, 

it is sufficient to determine the primary voltage angle to be able to estimate both 

secondary positive and negative sequence voltage angles as illustrated in Fig. 7.18. 

The voltage angles relation between the primary and the secondaries can be 

expressed as follows: 
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A grid B grid C grid

A grid B grid C grid

θ θ θ θ θ θ

θ θ θ θ θ θ

θ θ θ θ θ θ

+ + + + + +
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 (7.3) 
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− − − − − −

− − − − − −

= + ° = − ° = − °

= + ° = − ° = − °

= + ° = − ° = − °

 (7.4) 
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In addition, secondary positive and negative voltages magnitudes can be estimated 

using fixed turns ratio between the primary and secondary windings, the primary 

positive sequence voltage, and the primary negative sequence voltage, where 

sec_ * ,    i {1,2,3} and j {A,B,C}
ij t pri

V N V
+ +

= ∈ ∈  (7.5) 

 

sec_ * ,    i {1,2,3} and j {A,B,C}
ij t pri

V N V
− −

= ∈ ∈  (7.6) 

, where Nt is the turns ratio. 
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Fig. 7.18 Concept of Secondary Positive and Negative Voltages Angles 

Estimation Based on Primary Voltage Measurement. 
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Fig. 7.19 shows a proposed realization of a centralized secondary voltages 

estimator based on primary voltage measurements and transformer model.  It 

consists of a positive sequence PLL, a negative sequence PLL, a positive sequence 

transformer angle model, a negative sequence transformer model, and additional 

secondary voltage waveform generator per cell if required.  The positive sequence 

PLL provides the primary positive sequence voltage angle signal grid
θ

+  and 

magnitude of the primary positive sequence voltage pri
V

+

. The negative sequence 

PLL provides the primary negative sequence phase angle 
gridθ

−  and magnitude of 

the negative sequence primary voltage 
pri

V
−

. The positive sequence transformer 

model models the positive sequence magnitude and angle relationship of phase shift 

transformer. Based on Eqns. 7.3 and 7.5, it estimates secondary positive sequence 

voltage magnitudes 
sec_ ij

V
+

and secondary positive sequence angles 
sec_ ijθ

+  given the 

primary positive sequence voltage magnitude and angle. The negative sequence 

transformer model models the negative sequence magnitude and angle relationship 

of phase shift transformer. Based on Eqns. 7.4 and 7.6, it estimates secondary 

negative sequence voltage magnitudes 
sec_ ij

V
−

and secondary negative sequence 

angles sec_ ij
θ

−  given the primary negative sequence voltage magnitude and angle. 

Some front ends control schemes require the estimated secondary voltage in the 
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form of voltage waveform instead of voltage magnitude and angle. In this case, 

secondary voltage waveform generators per cell as shown in Fig. 7.19 are employed 

to produce secondary voltage waveforms _an ijV , _bn ijV , _cn ijV based on the estimated 

secondary voltage positive and negative sequence magnitudes and angles. Fig. 7.20 

illustrates the detailed structure of the waveform generator. It consists of positive 

and negative sequence voltage waveform generators. The total voltage waveform is 

calculated as the addition of the two sequence components. 

vpri

|Vsec_1A|+ ,θsec_1A
+

Positive Sequence 
PLL

Transformer model
(Positive 

Sequence Model)

|Vsec_1B|+ ,θsec_1B
+

 

|Vsec_1C|+ ,θsec_1C
+

 

|Vsec_2A|+ ,θsec_2A
+ 

|Vsec_2B|+ ,θsec_2B
+

 

|Vsec_2C|+ ,θsec_2C
+

|Vsec_3A|+ ,θsec_3A
+

|Vsec_3B|+ ,θsec_3B
+

|Vsec_3C|+ ,θsec_3C
+

|vpri|+

θgrid
+

|Vsec_1A|- ,θsec_1A
-

Transformer model
(Negative

Sequence Model)

|Vsec_1B|- ,θsec_1B
-
 

|Vsec_1C|- ,θsec_1C
- 

|Vsec_2A|- ,θsec_2A
-

|Vsec_2B|- ,θsec_2B
-

|Vsec_2C|- ,θsec_2C
-

|Vsec_3A|- ,θsec_3A
-

|Vsec_3B|- ,θsec_3B 
-

|Vsec_3C|- ,θsec_3C 
-

Secondary Voltage Waveform
Generator
(Cell 1A)

Secondary Voltage Waveform
Generator
(Cell 1B)

Secondary Voltage Waveform
Generator
(Cell 1C)

Secondary Voltage Waveform
Generator
(Cell 2A)

Secondary Voltage Waveform
Generator
(Cell 2B)

Secondary Voltage Waveform
Generator
(Cell 2C)

Secondary Voltage Waveform
Generator
(Cell 3A)

Secondary Voltage Waveform
Generator
(Cell 3B)

Secondary Voltage Waveform
Generator
(Cell 3C)

Van_1A ,Vbn_1A ,Vcn_1A

Van_1B ,Vbn_1B ,Vcn_1B

Van_1C ,Vbn_1C ,Vcn_1C

Van_2A ,Vbn_2A ,Vcn_2A

Van_2B ,Vbn_2B ,Vcn_2B

Van_2C ,Vbn_2C ,Vcn_2C

Van_3A ,Vbn_3A ,Vcn_3A

Van_3B ,Vbn_3B ,Vcn_3B

Van_3C ,Vbn_3C ,Vcn_3C

ωt

Negative Sequence 
PLL

|vpri|-

θgrid
-

 

Fig. 7.19 Proposed Centralized Secondary Voltages Estimator. 
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Fig. 7.20 Secondary Voltages Generator. 

 

7.3.2. Elimination of Current Measurements from Front Ends 

In Fig. 7.10, the conventional control system design philosophy behind CHB front 

ends control schemes assumes independent operation of the front ends, in which 

the front ends regulate DC-bus voltages under different loads with arbitrary 

response. In order to perform the control objectives while meeting the dynamic 

performance requirements, some front ends control strategies as shown in Fig. 7.11a 

rely on input front end current [34-43]. However, from system point of view, front 

ends in a CHB converter does not operate independently. In fact, the loading that 

the front ends see on their DC-bus is similar as shown in Fig. 7.21, where: 

1( ) ( )
motor

Cells

P t P t
N

 
= − 

 
 (7.7) 

 

, and 
CellsN  is the number of cells in the CHB converter. In addition, the load 

response is dictated by the motor control algorithm.  
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Fig. 7.21 Power Flow Distribution in the CHB Converter. 
 

A widely employed motor control algorithm used in CHB drive is the FOC 

algorithm as presented in Chapter 2. In order to achieve high performance AC 

machines control, the concept behind the FOC control for AC machines is to mimic 

the DC machines control, which have two separate windings currents: the armature 

and field, to control magnetic flux and torque independently [171-172]. In AC 

machines, the stator current affects both the flux and the torque of the AC machine. 

Field oriented control is meant to provide means to decouple the manipulation of 

the flux and the torque of the AC machine. Several variants of field oriented control 

algorithms exist [171-172]. For the sake of the discussion, Fig.7.22 presents indirect 

FOC as one of these variants [171-172]. It includes speed controller that provides 

the torque reference, torque controller that provides the torque-controlling current 



Ph.D. Thesis – Ahmed Abuelnaga       McMaster University – Electrical Engineering 

230 

 

reference, flux controller that provides the flux-controlling current reference, 

current controller to provide the modulation indices to the SPWM modulator. In 

addition, the controller includes a motor model to estimate the orientation angle 

based on which the motor currents are transferred and decomposed.  In general, 

FOC algorithms involve a current control loop in which the measured motor current 

is decomposed into flux-controlling and torque-controlling components. 

Typically, regenerative applications such as cranes and conveyors require high 

performance motor, in contrast to applications such as fans and pumps. Therefore, 

commonly CHB converters assigned to the regenerative application employ motor 

control algorithms based on FOC [29-35] 
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Fig. 7.22 Indirect FOC [171-172]. 

 

In CHB converters, high performance motor controller dictates the loading 

dynamics on DC-buses. Fig. 7.23 presents CHB converter with current-based 

controllers for both motor side and the front ends side to control power cell input 

and output currents.  However, given the current controlled output, it is sufficient 
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to rely on voltage-based front end control for DC-bus voltage regulation while 

achieving the required dynamic performance.  Removing current sensors may result 

in an unsatisfactory front end current response under severe voltage sags especially 

for low inductance system. This compromises between cost and performance under 

supply dependent events. This control strategy is illustrated in Fig. 7.24.  
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Fig. 7.23 Current-based Controllers for Both Motor Side and Front Ends Side. 
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Fig. 7.24 Current-based Controller for Motor Side and Voltage–based 

Controller for Front Ends Side. 
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A proposed front end control scheme to replace the one in Fig. 7.11a after the 

front end input current sensors elimination is shown in Fig. 7.25. The proposed 

controller includes a DC-bus voltage controller, active power controller, waveform 

generator and negative sequence compensator, and SPWM modulator.  The 

controller receives the respective positive and negative sequence voltage magnitudes 

sec_ ij
V

+

and sec_ ij
V

−

, and angles sec_ ijθ
+
and sec_ ijθ

−
, which are estimated based on 

primary voltage measurements and the transformer model.  The DC-bus voltage 

controller and the active power controller are similar to the structures proposed in 

6.4.2. The voltage waveform generator and negative sequence compensator is 

presented in Fig. 7.26. It takes as inputs the positive and negative sequence voltage 

magnitudes 
sec_ ij

V
+

and
sec_ ij

V
−

, the angles sec_ ijθ
+
and sec_ ijθ

−
, the DC-bus voltage 

reference _DC ref
V , and the power angle δ as inputs to generate modulation signal 

abc
m . This control strategy is meant for DC-bus voltage regulation. However, some 

front end control strategies such as the one proposed in Chapter 5 employs front 

end input current sensing to perform control tasks and not only the DC-bus voltage 

regulation. For these control strategies front ends input current measurements are 

required, while front input voltage measurements can be eliminated as discussed in 

the previous subsection. 
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Fig. 7.25 Proposed Voltage-based AFE Control. 
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Fig. 7.26 Proposed Waveform Generator and Negative Sequence Compensator.  

 

7.4. Proposed Centralized Front End Control 

Schemes 

In this section, three proposed centralized control schemes are presented to 

incorporate the front ends control schemes discussed previously with partial or full 

sensor reduction depending on the specifics of the front ends control schemes.  
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7.4.1. Proposed Centralized Control Scheme with AFE 

Current Control and Eliminated Secondary Voltage 

Sensors 

Fig. 7.27 presents a proposed centralized control scheme for AFEs with current 

control. Power cells input currents and DC-bus voltages information are 

transmitted to the centralized control through the communication links. AFE 

PWM gating signals are generated and synchronized before being transmitted back 

to the power cells through the communication links. The details of the control tasks 

and interface signals of the centralized control scheme is illustrated in Fig. 7.28. In 

order to eliminate the need for secondaries voltage sensors as discussed in the 

previous section, primary PLLs and transformer model are used to estimate the 

secondary voltages magnitudes and angles. Then these estimated signals are sent 

to the AFE controller instances. 

Fig. 7.29 and Fig. 7.30 present two possible variants for current controlled 

AFE controllers: conventional current controlled AFE, and current controlled AFE 

with pulsating power flow capability. Despite the system merits of the centralized 

control scheme, current controlled AFEs require sending secondaries currents 

through the communication links as shown in Fig. 7.28, which is disadvantageous 

as extra links are required. 
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Fig. 7.27 Proposed Centralized Control Scheme with AFE Current Control 

and Eliminated Secondary Voltage Sensors. 
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Fig. 7.28 Detailed Control Tasks and Signal Interfaces of Centralized 

Control Scheme with Current Controlled AFEs.  
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Fig. 7.29 Detailed AFE Control Scheme based on Current Control. 
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Fig. 7.30 AFE Controller based on Current Control and 2nd Order Pulsating 

Power Flow Control. 
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7.4.2. Proposed Centralized Control Scheme with AFE 

Voltage Angle Control and Eliminated Secondary 

Voltage and Current Sensors 

Fig. 7.31 presents a proposed centralized control scheme for AFEs with voltage 

angle control with elimination of secondaries voltage and current information 

requirements. Only DC-bus voltages information are transmitted to the centralized 

control through the communication links.   
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Fig. 7.31 Proposed Centralized Control Scheme with AFE Voltage Angle 

Control and Eliminated Secondary Voltage and Current Sensors. 
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AFE PWM gating signals are generated and synchronized before transmitted 

back to the power cells through the communication links. Fig. 7.32 shows the details 

of the control tasks and interface signals of the centralized control scheme. In order 

to eliminate the need for secondaries voltage sensors as discussed in the previous 

section, primary PLLs and transformer model are used to estimate the secondary 

voltages magnitudes and angles. Then these estimated signals are sent to the AFE 

controller instances. The voltage angle AFE controller structure is shown in Fig. 

7.33.  
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Fig. 7.32 Detailed Control Tasks and Signal Interfaces of Centralized 

Control Scheme based on Voltage Angle Control. 
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Fig. 7.33 Detailed AFE Control Scheme based on based on Voltage Angle Control 

 

7.4.3. Proposed Centralized Control Scheme with FE Control 

and Eliminated Secondary Voltage and Current 

Sensors 

Fig. 7.34 presents a proposed centralized control scheme for grid or near grid 

frequency switching front ends (FFEs) with elimination of secondaries voltage and 

current information requirement.  Only DC-bus voltages information are 

transmitted to the centralized control through the communication links.  Grid or 

near grid frequency switching gating signals are generated and transmitted back to 

the power cells through the communication links. 
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Fig. 7.34 Proposed Centralized Control Scheme with FE Control and 

Eliminated Secondary Voltage and Current Sensors. 

 

The details of the control tasks and interface signals of the centralized control 

scheme is illustrated in Fig. 7.35. In order to eliminate the need for secondaries 

voltage sensors as discussed in the previous section, primary PLLs and transformer 

model are used to estimate the secondary voltages magnitudes and angles. Then 

these estimated signals are sent to the FE controller instances. 
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Fig. 7.35 Detailed Control Tasks and Signal Interfaces of Centralized 

Control Scheme based on Voltage Angle Control. 
 

Fig. 7.36 and Fig. 7.37 present two possible variants for FE controllers: delay 

angle control and voltage angle. An advantage for the grid or near grid switching 

frequency is the low bandwidth requirement of the FEs gating signals compared to 

the bandwidth requirement of PWM gating signals. This decreases burden on the 

communication links between the central controller and the power cell.  
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Fig. 7.36 Detailed FE Control Scheme based on Delay Angle Control. 
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Fig. 7.37 Detailed FE Control Scheme based on Voltage Angle Control. 
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7.5. Simulation and Experimental Validation  

Simulation and experimental studies have been conducted to validate effectiveness 

of the proposed front end control scheme based on employing a proposed 

transformer model for voltage angle estimation instead of front ends input voltages 

sensors as discussed in subsection 7.3.1. Simulation and experimental studies have 

been on a 9-cell regenerative CHB converter with parameters given in Table 7.1.  

System model has been built in MATLAB/Simulink.  

Table 7.1   CHB Converter Simulation and Experimental Studies Main Parameters 

Converter parameter Simulation Value Experimental  Value 

Cell DC-bus voltage (V) 

830 (1 p.u for FFE) 

or 

1100 (1 p.u for 

AFE) 

100 or 170 

Transformer Secondary Side Voltage (V) 650 80 

Equivalent Secondary Inductance  (mH) 1 4 

DC-Bus Capacitance (µF) 8600 2300 

Base Current (A) 200 - 

 

7.5.1. Simulation Studies 

The objective is to validate that despite angles tolerances in the transformer model, 

fronts ends share almost equal currents without performance degradation of the 

DC-bus voltage regulation, and without degradation of harmonic cancellation at 

the primary of the transformer. Simulation results under the angles tolerances given 
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in Table 7.2 and Table 7.3 for the voltage angle controlled PWM-based AFEs 

discussed in subsection 7.4.2, and the grid or near grid frequency switching AFE 

discussed in subsection 7.4.3 have been performed. Parameters in Table 7.2 have 

been used with voltage angle controlled PWM-based AFEs simulations, while for 

grid or near grid frequency switching FEs parameters in Table 7.3 have been used. 

Table 7.2 Angle Tolerance for 18-pulse Transformer in Simulation Studies  

(3 degrees) 

Cell 
Transformer Transformer Model 

1 2 3 1 2 3 

A -18 -1 21 -20 0 20 

B -22 1 20 -20 0 20 

C -17 0 19 -20 0 20 

 

Table 7.3 Angle Tolerance for 54-pulse Transformer in Simulation Studies  

(3 degrees) 

Cell 
Transformer Transformer Model 

1 2 3 1 2 3 

A -25 -7 12 -27 -7 13 

B -20 1 21 -20 0 20 

C -14 5 28 -13 7 27 

 

 Results for the power angle controlled PWM-based AFEs are presented in 

Fig. 7.38 to Fig. 7.41. Fig. 7.38 shows the secondary currents and DC-bus voltages 

of cells A1, A2, and A3, respectively. Fig. 7.39 shows the secondary currents and 

DC-bus voltages of cells B1, B2, and B3, respectively.  Fig. 7.40 shows the 

secondary currents and DC-bus voltages of cells C1, C2, and C3, respectively. It 



Ph.D. Thesis – Ahmed Abuelnaga       McMaster University – Electrical Engineering 

245 

 

can been seen that secondary currents magnitudes and the DC-bus voltage 

magnitudes of the front ends are almost equal. This indicates that despite the angles 

tolerances, a front end controller based on elimination of secondary voltage sensors 

and relying of transformer model instead is effective. It should be noted that the 

slow oscillatory component present in the secondary waveform is attributed to the 

voltage angle controller action. Fig. 7.41 presents the primary current of the 

transformer. It should be noted that the PWM carriers are shifted by 120o
 as 

illustrated in subsection 5.5.  Primary current waveform shows that the harmonic 

cancellation at primary is still intact.  

 
Fig. 7.38 Secondary currents and DC-bus voltages of PWM AFE cells A1, A2, A3. 
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Fig. 7.39 Secondary currents and DC-bus voltages of PWM AFE cells B1, B2, B3. 

 

Fig. 7.40 Secondary currents and DC-bus voltages of PWM AFE cells C1, C2, C3. 
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Fig. 7.41 Primary Current of PWM AFE CHB.  

 

Accordingly, the CHB front end is able to satisfy the grid connection harmonic 

requirements while employing the transformer model for grid synchronization 

instead of the secondary voltage sensors. In addition, the slow oscillatory 

component in the secondary currents attributed to the voltage angle controller 

action does not show up in the primary currents. 

 

 Results for the voltage angle controller for grid or near grid frequency 

switching FEs (FFEs) are presented in Fig. 7.42 to Fig. 7.45. Fig. 7.42 shows the 

secondary currents and DC-bus voltages of cells A1, A2, and A3. Fig. 7.43 shows 

the secondary currents and DC-bus voltages of cells B1, B2, and B3.  Fig. 7.44 

shows the secondary currents and DC-bus voltages of cells C1, C2, and C3. The 

secondary currents magnitudes and the DC-bus voltage magnitudes of the front 

ends are almost equal. This validates the effectiveness of reliance on transformer 

model, despite of the angle tolerances, instead of secondary voltage sensors for the 
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front ends synchronization with the input voltages. Similar to the case of the 

voltage angle controlled PWM AFEs, slow oscillatory component is present in the 

secondary waveform, due to the voltage angle controller action. As shown in Fig. 

7.45, the harmonic cancellation at primary is still intact. The CHB front end is able 

to satisfy the grid connection harmonic requirements while employing the 

transformer model for grid synchronization instead of the secondary voltage sensors. 

As in the case of PWM AFE CHB, the primary current is free of the slow oscillatory 

component, which caused by the voltage angle controller action and shows up at 

the secondary current. 

 

Fig. 7.42 Secondary currents and DC-bus voltages of FFE cells A1, A2, A3. 
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Fig. 7.43 Secondary currents and DC-bus voltages of FFE cells B1, B2, B3. 

 

Fig. 7.44 Secondary currents and DC-bus voltages of FFE cells C1, C2, C3. 
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Fig. 7.45 Primary Current of FFE CHB. 

 

7.5.2. Experimental Validation 

Experimental studies have been performed to validate the effectiveness of 

employing a transformer model for front ends synchronization with input voltages 

instead of secondary voltage sensors. Practically, angle tolerances do exist in phase 

shifting transformers. Table 7.4 and Table 7.5 provide the phase shifting of 18-pulse 

and 54-pulse transformers utilized in the experimental studies for the voltage angle 

controlled PWM-based AFEs discussed in subsection 7.4.2, the current controlled 

PWM-based AFEs discussed in subsection 7.4.2, and the grid or near grid frequency 

switching AFE discussed in subsection 7.4.3. Parameters in Table 7.4 have been 

used with voltage angle controlled and current controlled PWM-based AFEs 

experiments, while for grid or near grid frequency switching FEs parameters in 

Table 7.5 have been used. 
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Table 7.4 Angle Tolerance for 18-pulse Transformer in Experiment 

Cell 
Transformer Transformer Model 

1 2 3 1 2 3 

A -22 0 18 -20 0 20 

B -22 0 18 -20 0 20 

C -22 0 18 -20 0 20 

 

Table 7.5 Angle Tolerance for 54-pulse Transformer in Experiment 

Cell 
Transformer Transformer Model 

1 2 3 1 2 3 

A 25 6 -15 -27 -7 13 

B 18 0 -21 -20 0 20 

C 13 -8 -28 -13 7 27 

 

Experimental results for the voltage angle controlled PWM AFEs are 

presented in Fig. 7.46 to Fig. 7.49. Fig. 7.46 shows SCADA results for the secondary 

currents and DC-bus voltages of cells A1, A2, and A3, respectively. Fig. 7.47 shows 

the SCADA results for B1, B2, and B3, respectively.  Fig. 7.48 shows the SCADA 

results for cells C1, C2, and C3, respectively.  

 
(a) Cell A1 
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(b) Cell A2 

 
(c) Cell A3 

Fig. 7.46 SCADA Secondary Currents and DC-bus Voltages of AFE cells  

A1, A2 and A3 

 

 

(a) Cell B1 

 

(b) Cell B2 
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(c) Cell B3 

Fig. 7.47 SCADA Secondary Currents and DC-bus Voltages of AFE cells  

B1, B2 and B3. 

 
(a) Cell C1 

 
(b) Cell C2 

 
(c) Cell C3 

Fig. 7.48 SCADA Secondary Currents and DC-bus Voltages of AFE cells  

C1, C2 and C3. 
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Despite the angle tolerances, the secondary currents magnitudes and the DC-

bus voltage magnitudes of the front ends are almost equal. This confirms the 

effectiveness of utilizing the transformer model for synchronization instead of the 

secondary voltage sensors. 

The currents waveforms presented in Fig. 7.49 shows that the harmonic 

cancellation at the primary is still intact under120o shift between PWM carriers. 

This validates the CHB front end is able to satisfy the grid connection harmonic 

requirements while employing the transformer model for grid synchronization 

instead of the secondary voltage sensors.  

  

(a) Secondary Current  

(5 A / div) (5ms / div) 

(b) Primary Current  

(35A / div)(20ms / div) 

( 60Hz FFT Center) 

Fig. 7.49 Voltage Angle Controlled AFE CHB 
  

Experimental results for the current controlled PWM AFEs are presented in 

Fig. 7.50 to Fig. 7.53. Fig. 7.50 shows SCADA results for the secondary currents 

and DC-bus voltages of cells A1, A2, and A3, respectively. Fig. 7.51 shows the 
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SCADA results for cells B1, B2, and B3, respectively.  Fig. 7.52 shows the SCADA 

results for cells C1, C2, and C3, respectively. The secondary currents magnitudes 

and the DC-bus voltage magnitudes of the front ends are almost equal in spite of 

transformer angles tolerance, which validates the effectiveness of utilizing the 

transformer model for synchronization instead of the secondary voltage sensors. 

 
(a) Cell A1 

 
(b) Cell A2 

 
(c) Cell A3 

Fig. 7.50 SCADA Secondary Currents and DC-bus Voltages of AFE cells  

A1, A2 and A3. 
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(a) Cell B1 

 
(b) Cell B2 

 
(c) Cell B3 

Fig. 7.51 SCADA Secondary Currents and DC-bus Voltages of AFE cells  

B1, B2 and B3. 

 

 

(a) Cell C1 
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(b) Cell C2 

 

(c) Cell C3 

Fig. 7.52 SCADA Secondary Currents and DC-bus Voltages of AFE cells  

C1, C2 and C3. 

 

The currents waveforms presented in Fig. 7.53 shows that the harmonic 

cancellation at primary is still intact under 120o shift between PWM carriers. This 

confirms that using a transformer model for synchronization, CHB front end 

satisfies the grid harmonic requirements. 
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(a) Secondary Current 

(5 A / div) (5 ms / div) 

(b) Primary Current  

(35A / div)(20ms / div) 

( 60Hz FFT Center) 

Fig. 7.53 Current Controlled AFE CHB 

 

 Experimental results for the voltage angle controlled grid or near grid 

frequency switching FEs (FFEs) are presented in Fig. 7.54 to Fig. 7.57. Fig. 7.54 

to Fig. 7.56 show SCADA results for filtered secondary currents and DC-bus 

voltages of cells in phases A, B, and C, respectively. Fig. 7.54 shows results cells 

A1, A2, and A3, respectively; Fig. 7.55 shows results cells B1, B2, and B3, 

respectively; and  Fig. 7.56 shows results cells C1, C2, and C3, respectively. The 

SCADA waveforms show that the secondary currents magnitudes and the DC-bus 

voltage magnitudes of the front ends are almost equal. This validates the 

effectiveness of employing a transformer model instead of secondary voltage sensors 

for synchronization despite of the angle tolerances. 
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(a) Cell A1 

 

(b) Cell A2 

 

(c) Cell A3 

Fig. 7.54 SCADA Secondary Currents (low pass filtered at 120 Hz) and DC-bus 

Voltages FFE cells A1, A2 and A3. 

 

(a) Cell B1 
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(b) Cell B2 

 

(c) Cell B3 

Fig. 7.55 SCADA Secondary Currents (low pass filtered at 120 Hz) and DC-bus 

Voltages of FFE cells B1, B2 and B3. 

 

(a) Cell C1 

 

(b) Cell C2 
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(c) Cell C3 

Fig. 7.56 SCADA Secondary Currents (low pass filtered at 120 Hz) and DC-bus 

Voltages of FFE cells C1, C2 and C3. 

 

Fig. 7.57 presents the current at the primary of the transformer and compares 

it to the secondary current. The primary current waveform shows that the harmonic 

cancellation at primary is still intact. Thereby, the CHB front end ability to satisfy 

the grid connection harmonic requirements while employing the transformer model 

for grid synchronization is validated. 

  

(a) Secondary Current  

(5 A / div) (20 ms / div) 

(b)  Primary Current 

(35A / div)(20ms / div) 

( 60Hz FFT Center) 

Fig. 7.57 Voltage Angle Controlled FFE CHB. 
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7.6. Summary 

The number of additional sensors required by the conventional AFE CHB front 

end with respect to DFE CHB is an aspect that affects the reliability and the cost 

of the regenerative CHB converters. In addition, embedding additional sensing and 

control circuitry to the densely-packed power cell operating in harsh conditions 

such as elevated temperatures, compromises power cell’s circuitry reliability. To 

tackle this challenge, Chapter 7 proposes a reduced sensor count centralized CHB 

front end control scheme. This is to achieve minimum modifications to the existing 

DFE CHB control scheme, which is of a huge benefit leading to improvement of 

system reliability and reduction of system complexity. Detailed discussion has been 

included about the proposed transformer model employed to provide the angle 

information for the cell front end controllers for input voltage synchronization 

instead of relying on secondary voltage sensors. In addition, the chapter has 

provided detailed signal flow and control tasks schematics for proposed centralized 

current controlled PWM based AFEs, voltage angle controlled PWM based AFEs, 

delay angle controlled grid or near grid switching frequency FEs, and voltage angle 

controlled grid or near grid switching frequency FEs. Furthermore, the 

communication requirements between the central controller and the power cells 

have been addressed. 9-cell CHB system simulation and experimental validation 
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have been performed using a centralized transformer model for input voltage 

synchronization instead of secondary voltage sensors. The results have validated 

the effectiveness and the performance of the centralized input voltage 

synchronization. 
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Chapter 8 

  

Conclusions and Future Work 

 

8.1. Thesis Summary 

Cascaded H-bridge (CHB) multilevel inverters are extensively used in different 

motor drives applications due to different features such as the modular structure 

and fault tolerant capability. A typical CHB power cell employs diode front end 

(DFE), which allow only power flow to be from the grid to the load side. In order 

add regenerative capability to CHB drives, power cells that employ active front 

ends (AFEs) have been introduced and are still being under continuous 

development in the industry to integrate the CHB drives in the regenerative 

markets.  
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A detailed literature review on the CHB structure, and the field failures and 

long reliability has shed light on the thermal induced long-term reliability issues of 

power modules, electrolytic DC-bus capacitors, PCBs and signal electronics in CHB 

drives. 

 The thesis work has addressed regenerative CHB topology reliability during 

design stage through proposing novel regenerative cascaded H-bridge converter 

control schemes to: 

1. Reduce Components Stresses to Improve Long-term Reliability 

2. Reduce Component Count to Reduce Failure Random Probability 

3. Achieve Other System Benefits (e.g., Cost, Size) 

A novel PWM active front end control scheme has been proposed to reduce 

the inherent ripple current stresses on the DC-bus capacitors. In addition, the thesis 

has proposed a novel grid or near grid switching frequency front end control scheme 

to reduce stresses on power modules and the power cell cooling requirements. 

Furthermore, a novel cascaded H-bridge front end control scheme is proposed to 

reduce the sensor count, thereby decreasing failure rate and cutting down cost.    

In addition to simulation studies, an experimental hardware setup was 

implemented to validate the proposed control schemes. The setup is a scaled down 

9-cell 7-level regenerative CHB drive. It has been developed in part of research 
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collaboration with the MV drives R&D in Rockwell Automation for the 

experimental validation of research outcomes. 

8.1.1. Reduction of Stresses on DC-bus Capacitors 

DC-bus capacitors experience high ripple current stresses due to the inherent 

instantaneous power unbalance existing in the CHB cells. For energy density 

reasons, CHB converters employ aluminum electrolytic capacitors. Under these 

current stresses, electrolytic capacitors degrade in accelerated fashion. Taking the 

advantage of the degrees of freedom offered by AFEs compared to DFEs, Chapter 

5 proposes an AFE control scheme to control pulsation power flow with no 

additional components. Hence, pulsation power are diverted from the DC-bus 

capacitors to the secondary of the transformer. To achieve high performance, the 

control scheme employs multi-frame of reference current controller. In addition, to 

comply with the IEEE 519-2014 grid harmonic currents standards with reduced 

filtering requirements, proposed control scheme employs SPWM. Simulation and 

experimental studies have been performed on a 9-cell CHB system. Current stress 

and lifetime analyses of real case power cell have showed that up to 300 % 

improvement in DC-bus capacitors lifetime can be achieved.  
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8.1.2. Reduction of Stresses on Active Front Ends Power 

Modules and Cut down of Power Cell Cooling 

Requirements 

In order to satisfy IEEE 519-2014 grid harmonic currents standard with reduced 

filter size, PWM-based AFE use switching frequency up to 2 kHz to 4 kHz. As a 

result, power modules suffer increased switching losses, and so higher cycling 

temperature stresses.  

Temperature stresses accelerate power modules degradation causing power 

module to reach end-of-life. To tackle this challenge, chapter 6 proposes two front 

end (FE) modulation and control scheme based on grid or near grid switching 

frequency. Power loss, thermal, and lifetime analyses of real case power cell have 

shown a reduction of about 50% in power loss, about 10 °C decrease in maximum 

junction temperature, and about 60-70 % improvement in power modules lifetime. 

In addition, there are other important system benefits such as the ability of per cell 

heat sink size reduction and the prevention of high frequency emissions into the 

grid caused by PWM operation that may excite resonance modes. The chapter 

proposed a delay angle-based and a voltage angle-based grid or near grid switching 

frequency front ends. The harmonic cancellation at the primary of the transformer 

under the proposed modulation schemes has been discussed thoroughly. Moreover, 
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the dynamic performance of the proposed control scheme under load step change 

and input voltage disturbances has been addressed. 9-cell CHB system simulation 

and experimental studies have validated the effectiveness and the performance of 

the two proposed modulation and control schemes while achieving the objectives. 

 

8.1.3. Decrease of Failure Rate, Cost, and the Complexity of 

Active Front End Power Cell through Reducing the 

Number of Sensors and Adopting Centralized Front 

End Control Scheme 

The large number of additional sensors required by the conventional regenerative 

CHB front ends with respect to DFE-CHB affects the reliability and the cost of the 

regenerative CHB converter. In addition, embedding additional sensing and control 

circuitry to the densely-packed power cell operating in harsh conditions, such as 

elevated temperatures, compromises power cell circuitry reliability. To tackle these 

challenges, chapter 7 proposes a reduced sensor count centralized CHB front end 

control schemes to achieve minimum modifications to the existing DFE CHB 

control scheme. Instead of relying on secondary voltage sensors for input voltage 

synchronization, a transformer model to provide the angle information for the cell 

front end controllers has been proposed. In addition, detailed signal flow and control 

tasks schematics for proposed centralized current controlled PWM based AFEs, 
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voltage angle controlled PWM based AFEs, delay angle controlled grid or near grid 

switching frequency FEs, and voltage angle controlled grid or near grid switching 

frequency FEs have been presented.  Moreover, detailed discussion about 

communication requirements between the central controller and the power cells 

have been included. 9-cell CHB system simulation and experimental studies have 

been performed to validate using a centralized transformer model for input voltage 

synchronization instead of secondary voltage sensors despite existence of angle 

tolerance. Through adopting combining voltage angle based or delay angle based 

front ends controllers with centralized input voltage synchronization the number of 

sensor can be reduced from 54 secondary sensors (27 voltage sensors and 27 current 

sensors) to zero.  

 

8.2. Future Work 

To extend and further validate the proposed work, future work considers 

operational conditions that were not covered in the current work. In addition, as 

discussed in Chapter 2, addressing long-term reliability issues can be done either in 

the design stage or in the field operation. The thesis work has considered designing 

control schemes to reduce stresses in the field. The future scope is also to prevent 
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power cells failures before happening through condition-based and predictive 

methods. The future directions can be summarized as: 

• Operation the experimental prototype at full regenerative motor power. 

• Experimental implementation of the proposed algorithms at full regenerative 

motor power, and under various system disturbances. 

• Research and development of condition-based and predictive methods for 

early detection of degradation and anomalies.   

 

 

 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

271 

     References 
 

[1] B. Bugiardini, and F. Jason, "Matching VFD to Application 

Requirements," Rockwell Automation on demand webinars, 20-5-2020. 

[2] B. Wu, and M. Narimani, "High-Power Converters and AC drives," 

Wiley-IEEE Press, 2017, ISBN: 978-1-119-15603-1. 

[3] "IEEE Standard for Performance of Adjustable-Speed AC Drives Rated 

375 kW and Larger," in IEEE Std 1566-2015 (Revision of IEEE Std 

1566-2005) , vol., no., pp.1-74, 27 Feb. 2015, doi: 

10.1109/IEEESTD.2015.7051199.  

[4] "IEEE Recommended Practice and Requirements for Harmonic Control 

in Electric Power Systems," in IEEE Std 519-2014 (Revision of IEEE 

Std 519-1992), pp.1-29, 11 June 2014, doi: 

10.1109/IEEESTD.2014.6826459 

[5] Rockwell Automation, "PowerFlex 755TL, TR and TM Drives, " 

https://www.rockwellautomation.com/en-us/products/hardware/allen-

bradley/drives-and-motors/low-voltage-ac-drives/architecture-

drives/20g-powerflex-755t.html 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

272 

[6] J. Rodriguez, J.S. Lai, and F.Z. Peng, "Multilevel inverters: a survey of 

topologies, controls, and applications," in IEEE Transactions on 

Industrial Electronics, vol. 49, no. 4, pp. 724-738, Aug. 2002. 

[7] S. Kouro, M. Malinowski, K. Gopakumar, J. Pou, L. G. Franquelo, B. 

Wu, J. Rodriguez, M. A. Pérez, and J. I. Leon, "Recent Advances and 

Industrial Applications of Multilevel Converters," in IEEE Transactions 

on Industrial Electronics, vol. 57, no. 8, pp. 2553-2580, Aug. 2010. 

[8] Siemens, "SINAMICS Medium Voltage Converters," 

https://new.siemens.com/global/en/products/drives/sinamics/mediumv

oltage-converters.html  

[9] ABB, "Medium Voltage AC Drives,"  

https://new.abb.com/drives/medium-voltage-ac-drives  

[10] Rockwell Automation, "PowerFlex 6000 Medium Voltage AC Drives," 

https://literature.rockwellautomation.com/idc/groups/literature/docum

ents/pp/6000-pp003_-en-p.pdf 

[11] GE Power Conversion, "High Efficiency MV Drives", 

https://www.gepowerconversion.com/product-solutions/mv-drives 

[12] Toshiba, "T300MV2® Standard Duty General Purpose ," 

https://www.toshiba.com/tic/motors-drives/medium-voltage-adjustable-



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

273 

speed-drives/mv-industrial-drives/t300mv2-standard-duty-general-

purpose 

[13] TMEIC, "Medium Voltage AC Drives," 

https://www.tmeic.com/products/medium-voltage-ac-drives 

[14] YASKAWA America, "MV1000 Drive," 

https://www.yaskawa.com/products/drives/medium-voltage-

drives/drives/mv1000-drive 

[15] Schneider Electric, "Altivar 1200: Medium voltage variable speed drive 

from 315 to 16,200KVA," https://www.se.com/ww/en/product-

range/61394-altivar-1200/ 

[16] Danfoss, "Medium-voltage drives," 

https://www.danfoss.com/en/products/dds/medium-voltage-

drives/#tab-vacon-medium-voltage-drive 

[17] TMIEC," TMdrive®-MVe2 Product Application Guide ," 

https://www.tmeic.com/sites/default/files/assets/articles/TM-

MVe2_Nov-2015-rev-D.pdf 

[18] Siemens, "SINAMICS PERFECT HARMONY GH180," 

https://new.siemens.com/global/en/products/drives/sinamics/medium-

voltage-converters/sinamics-perfect-harmony-gh180.html 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

274 

[19] ABB," General purpose drive, ACS580MV," 

https://new.abb.com/drives/medium-voltage-ac-drives/acs580mv 

[20] Rockwell Automation," PowerFlex 6000T Medium Voltage AC Drives," 

https://www.rockwellautomation.com/en-us/products/hardware/allen-

bradley/drives-and-motors/medium-voltage-ac-drives/powerflex-6000-ac-

drive.html 

[21] TMIEC, "TMdrive-MVG2," https://www.tmeic.com/products/tmdrive-

mvg2 

[22] Schneider Electric," Altivar 1200," 

https://www.se.com/ww/en/product-range/61394-altivar-

1200/#overview 

[23] WEG," Medium Voltage Variable Speed Drives," 

www.weg.net/catalog/weg/US/en/Drives/Variable-Speed-

Drives/Medium-Voltage-Variable-

SpeedDrives/c/GLOBAL_WDC_DRV_IF_MV 

[24] Hitachi Industrial Products, "HIVECTOL HVI Hardware Overview," 

www.hitachi-

ip.com/products/direct_inverter/products/direct_inverter_02.html 

[25] TECO Westinghouse, "VersaBridge," 

www.tecowestinghouse.com/product/versabridge/ 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

275 

[26] Hyundai Heavy Industries, " N5000 Multi-level Inverter Instruction 

Manual,"vfds.com/manuals/hyundai/hyundai-n5000.pdf 

[27] Nidec, "SILCOVERT TH Medium and High Voltage Drives," 

www.nidec-industrial.com/products/medium-high-voltage-

drives/silcovert-th/ 

[28] Rockwell Automation, "PowerFlex 6000 Medium Voltage Variable 

Frequency Drive User Manual, " 

literature.rockwellautomation.com/idc/groups/literature/documents/um

/6000-um002_-en-p.pdf 

[29] Siemens, " Operating- and Installation Instructions SINAMICS 

PERFECT HARMONY GH180 Type 6SR41," 

www.ldaportal.siemens.com/siemlda/en/109749601 

[30] Siemens, " Catalog D 17 - SINAMICS PERFECT HARMONY GH180 

,"  

www.lda-portal.siemens.com/siemlda/en/109761720 

[31] Rockwell Automation, "PowerFlex 6000 Medium Voltage Variable 

Frequency Drive Firmware, Parameters, and Troubleshooting Manual,"  

literature.rockwellautomation.com/idc/groups/literature/documents/td/

6000-td004_-en-p.pdf 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

276 

[32] Siemens, "Operating Instructions NXGpro Control - SINAMICS 

PERFECT HARMONY GH180, " www.lda-

portal.siemens.com/siemlda/en/109768429 

[33] WEG, "Medium Voltage Frequency Inverter MVW3000 User Manual, " 

static.weg.net/medias/downloadcenter/hde/h2e/WEG-MVW3000-user-

manual 10004823674-en.pdf 

[34] J. Rodriguez, J. Pontt, N. Becker, and A. Weinstein, “Regenerative 

drives in the megawatt range for high-performance downhill belt 

conveyors,” IEEE Transactions on Industry Applications, vol. 38, no. 1, 

pp. 203–210, 2002. 

[35] J. Rodriguez, L. Moran, J. Pontt, J. Espinoza, R. Diaz, and E. Silva, 

“Operating Experience of Shovel Drives for Mining Applications,” IEEE 

Transactions on Industry Applications, vol. 40, no. 2, pp. 664–671, 2004. 

[36] M. A. Perez, J. R. Espinoza, J. R. Rodriguez and P. Lezana, 

"Regenerative medium-voltage AC drive based on a multicell 

arrangement with reduced energy storage requirements," in IEEE 

Transactions on Industrial Electronics, vol. 52, no. 1, pp. 171-180, Feb. 

2005. 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

277 

[37] J. Rodriguez et al., "High-voltage multilevel converter with regeneration 

capability," in IEEE Transactions on Industrial Electronics, vol. 49, no. 

4, pp. 839-846, Aug. 2002. 

[38] M. Rastogi, R. H. Osman, and Y. Fukuta, "Variable-frequency drive 

with regeneration capability", US7508147B2. 

[39] Siemens, "SINAMICS PERFECT HARMONY GH180 - Power 

Regeneration Available in Medium Voltage Drives, " 

ldaportal.siemens.com/siemlda/en/18081  

[40] Peter W. Hammond, “Control method and apparatus to reduce current 

through DC capacitor linking two static converters”, US6762947B2. 

[41] Peter W. Hammond, "Medium Voltage PWM Drive and Method, " 

US005625545A. 

[42] Mehdi Abolhassani, Thomas Keister, Alex Skorcz, Enrique Ledezma, 

Ryan Edwards, "Partial Regeneration in a Multi-level Power Inverter", 

US20100142234A1.  

[43] ABB, "Why do variable speed drives fail and how do we test them, " 

www.new.abb.com/drives/media/why-do-variable-speed-drives-fail-and-

how-do-we-test-them 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

278 

[44] Rolf Isermann, "Fault-Diagnosis Applications: Model-Based Condition 

Monitoring: Actuators, Drives, Machinery, Plants, Sensors, and Fault-

tolerant Systems", Springer, 2011, ISBN:978-3-642-12767-0 

[45] H. Wang, M. Liserre, and F. Blaabjerg, "Toward reliable power 

electronics: Challenges, design tools, and opportunities, " IEEE Ind. 

Electron. Mag., vol. 7, no. 2, pp. 17–26, 2013. 

[46] L. M. Moore and H. N. Post, "Five years of operating at a large, utility-

scale photovoltaic  generating plant“, Journal of Prog. Photovolt: Res. 

Appl., vol 16, no.3, pp.249-259, 2008. 

[47] S. Yang, A. T. Bryant, P. A. Mawby, D. Xiang, L. Ran, and P. Tavner, 

"An industry- based survey of reliability in power electronic converters, 

" IEEE Trans. Ind. Applicat., vol. 47, no. 3, 2011 

[48] K. Fischer, T. Stalin, H. Ramberg, J. Wenske, G. Wetter, R. Karlsson, 

R., and T. Thiringer, "Field-Experience Based Root-Cause Analysis of 

Power-Converter Failure in Wind Turbines, " IEEE Transactions on 

Power Electronics, 2481–2492, 2015. 

[49] N. Valentine, D. Das, M. Pecht, "Failure Mechanisms of Insulated Gate 

Bipolar Transistors (IGBTs), "2015 NREL Photovoltaic Reliability 

Workshop, Center for Advanced Life Cycle Engineering (CALCE), 

2015.  



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

279 

[50] K. Fischer, S. Thomas Stalin, H. Ramberg, T. Thiringer, J. Wenske, 

and R. Karlsson, "Investigation of converter failure in wind 

turbines," Elforsk report 12, no. 58, 2012. 

[51] ABB,  "PCS6000 Medium voltage wind turbine converter, " 

www.new.abb.com/power-converters-inverters/wind-turbines/utility-

scale/pcs6000 

[52] R. Grinberg, S. Ebner, O. Apeldoorn, "Reliability in Medium Voltage 

Converters for Wind Turbines", ABB Switzerland Ltd, Corporate 

Research. 

[53] www.new.abb.com/drives/medium-voltage-ac-drives/acs6000 

[54] K. Macken, I. Wallace, M. Bollen, "Reliability assessment of motor 

drives", Proc. 37th IEEE PESC, pp. 1-7, 2006. 

[55] T. Geyer, S. Schroder, "Reliability Considerations and Fault-Handling 

Strategies for Multi-MW Modular Drive Systems", IEEE Transactions 

on Industry Applications, vol. 46, no. 6, pp. 2442-2451, 2010. 

[56] Dave Polka, "How to Maintain a VFD", training notes, ABB. 

[57] F. Feletto, R. A Durham, E, da Costa Bortoni, J. G. C. Costa, 

"Techniques to improve MV cascaded H bridge inverter (CHBI) VFDs 

availability applied to drive high power esp oil wells",  Petroleum and 

Chemical Industry Technical Conference (PCIC), 2017. 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

280 

[58] ABB ACS580MV Hardware manual 

[59] EMA, "Variable Frequency Drive ( VFD ) Bus Capacitors have a 

limited life span, "  EMA Tech Articles, 

www.emainc.net/2016/02/04/variable-frequency-drive-vfd-bus-

capacitors-have-a-limited-life-span/  

[60] ABB ACS580MV primary control program: Troubleshooting manual 

[61] HICONICS, "HIVERT-Y/T Common Use MV Drive", 

http://www.hiconics.com/wen/goods/show-1.html#one 

[62] A. Volke, and M. Hornkamp, "IGBT modules: Technologies, driver and 

application", Infineon Technologies AG, 2017, ISBN: 978-3-000320-76-7. 

[63] Fuji IGBT Application Manual: Chapter 11 Reliability of Power 

Modules 

https://www.fujielectric.com/products/semiconductor/model/igbt/application/

igbt.html 

[64] U. Scheuermann, and R. Schmidt, "Impact of solder fatigue on module 

lifetime in power cycling tests", Proc. EPE'11 ECCE Europe, pp. 1-10, 

2011. 

[65] T. Herrmann, M. Feller, J. Lutz, R. Bayerer, and T. Licht, "Power 

cycling induced failure mechanisms in solder layers", EPE'07 ECCE 

Europe, pp. 1-7, 2007. 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

281 

[66] X. Perpiñà et al, "Reliability and Lifetime Prediction for IGBT Modules 

in Railway Traction Chains",  intechopen, 2012, ISBN: 978-953-51-0451-

3. 

[67] J. Lutz et al, "Semiconductor power devices: Physics, Characteristics, 

Reliability", Springer, 2018, ISBN: 978-3-319-70917-8. 

[68] U.M. Choi, F. Blaabjerg, S. Jørgensen, "Power Cycling Test Methods 

for Reliability Assessment of Power Device Modules in respect to 

Temperature Stress", IEEE Trans. Power. Electron., vol. 33, pp. 2531-

2551, 2018. 

[69] J. Lutz et al, "Power cycling induced failure mechanisms in the 

viewpoint of rough temperature environment", Proc. CIPS, pp. 1-4, 

2008. 

[70] L. Feller, S. Hartmann, and D. Schneider, "Lifetime analysis of solder 

joints in high power IGBT modules for increasing the reliability for 

operation at 150 °C", Microelectron. Reliab., vol. 48, pp. 1161-1166, 

2008, 

[71] W. Wu et al, "Thermal stress related packaging failure in power IGBT 

module", Proc. ISPSD, pp. 330-33, 1995. 

[72] W. Wu et al, "Investigation on the long term reliability of power IGBT 

modules", Proc. ISPSD, pp. 443-448, 1995. 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

282 

[73] M. Bouarroudj et al., "Temperature-level effect on solder lifetime during 

thermal cycling of  power modules", IEEE Trans. on Device and Mat. 

Reliab, vol. 8, pp. 471-477, 2008. 

[74] M. Ciappa, "Selected failure mechanisms of modern power modules", 

Microelectron. Reliab., vol. 42, pp. 653-667, 2002. 

[75] C. Durand, M. Klingler, D. Coutellier, and H. Naceur, ‘‘Power cycling 

reliability of power module: A survey", IEEE Trans. Device Mater. 

Rel., vol. 16, pp. 80–97, 2016. 

[76] Y. Huang et al, "Failure Mechanism of Die-Attach Solder Joints in 

IGBT Modules under Pulse High-Current Power Cycling," IEEE Trans. 

Emerg. Sel. Topics Power Electron., vol. 7, pp. 99-107, 2019. 

[77] A. Abuelnaga, M. Narimani and A. S. Bahman, "A Review on IGBT 

Module Failure Modes   and Lifetime Testing", IEEE Access, vol. 9, pp. 

9643-9663, 2021. 

[78] A. Abuelnaga, M. Narimani, and A. S. Bahman, "Power electronic 

converter reliability and prognosis review focusing on power switch 

module failures", J. Power Electron. 21, pp. 865–880, 2021 

[79] J. Lutz et al, "Semiconductor Power Devices: Physics, Characteristics, 

Reliability", Cham, Switzerland: Springer, 2018. 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

283 

[80] M. Held, P. Jacob, G. Nicoletti, P. Scacco, and M.-H. Poech, "Fast 

power cycling test of IGBT modules in traction application", in Proc. 

2nd Int. Conf. Power Electron. Drive Syst., pp. 425–430, 1997. 

[81] R. Bayerer, T. Herrmann, T. Licht, J. Lutz, and M. Feller, "Model for 

power cycling lifetime of IGBT modules-various factors influencing 

lifetime", in Proc. 5th Int. Conf. Integr. Power Electron. Syst., pp. 1–6, 

2008, 

[82] U. Scheuermann and R. Schmidt, "Impact of load pulse duration on 

power cycling lifetime of al wire bonds", Microelectron. Rel., vol. 53, pp. 

1687–1691, 2013. 

[83] H. Wang and F. Blaabjerg, "Reliability of Capacitors for DC-Link 

Applications in Power Electronic Converters—An Overview", in IEEE 

Transactions on Industry Applications, vol. 50, no. 5, pp. 3569-3578, 

2014, 

[84] Aluminum Electrolytic Capacitor Application Guide, Cornell Dubilier. 

https://www.cde.com/tech-center/application-guides 

[85] Aluminum Electrolytic Capacitors Data Book, Epcos TDK: 

https://www.tdk-electronics.tdk.com/en/373812/tech-

library/articles/tools-services/tools-services/data-book-for-aluminum-

electrolytic-capacitors/2078434 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

284 

[86] Reliability of Electrolytic Capacitors Technical Paper, Jianghai-Europe 

https://jianghai-europe.com/technology 

[87] S. G. Parler, "Reliability of CDE Aluminum Electrolytic Capacitors", 

Cornell Dubilier. 

[88]  J. L. Stevens, J. S. Shaffer, J. T. Vandenham, "The service life of large 

aluminum electrolytic capacitors: effects of construction and 

application", in IEEE Transactions on Industry Applications, vol. 38, 

pp.1441–1446, 2002. 

[89] Electrolytic Capacitor Lifetime Estimation Technical Paper, Jianghai-

Europe https://jianghai-europe.com/technology 

[90] S. G. Parler, L. L. Macomber, "Predicting Operating Temperature and 

Expected Lifetime of Aluminum-Electrolytic Bus Capacitors with 

Thermal Modeling", Cornell Dubilier. 

[91] S. G. Parler, "Deriving Life Multipliers for Electrolytic Capacitors", 

Cornell Dubilier. 

[92] "Solder Fatigue, " DFR Solutions: 

https://www.dfrsolutions.com/resource-library/resources-solder-fatigue 

[93] M. Osterman, "Modeling Thermal Fatigue Life of Solder Interconnects 

with Varying Silver", CALCE. 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

285 

[94] Randy Schueller, "Exploring Failure Modes and Mechanisms", DFR 

Solutions. 

[95] "Thermomechanical Failures in Plated Through Vias (PTVs)," Alter 

Technology,  https://wpo-altertechnology.com/thermomechanical-

failures-in-plated-through-vias-ptvs/ 

[96] C. Hillman, R. Esser, and J. McLeish, "Failure Mechanisms in High 

Voltage Printed Circuit Boards", DFR solutions. 

[97] C. Hillman, N. Blattau, M. Lacy, "Predicting Fatigue of Solder Joints 

Subjected to High Number of Power Cycles", DFR Solutions. 

[98] J. W. Evans, "A Guide to Lead-free Solders", Physical Metallurgy and 

Reliability, Springer, 2007. 

[99] J. Hock, L. Pang, "Lead Free Solder", Mechanics and Reliability, 

Springer, 2012. 

[100] C. Hillman, "Developing Damage Models for Solder Joints Exposed to 

Complex Stress States", DFR Solutions. 

[101] Tyler Ferris, "Top 5 Reasons for Solder Joint Failure", ANSYS Blog, 

2019. 

[102] M. Osterman, "Solder Joints in Electronics", CALCE. 

[103] L. F. Coffin, "A study of the Effects of Cyclic Thermal Stresses on a 

Ductile Metal", Trans. ASME, 76, 931–950, 1954. 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

286 

[104] L. F. Coffin, "The Problem of Thermal Stress Fatigue in Austenitic 

Steels”, Special Technical Publication", ASTM, p. 31, 1954. 

[105] K. C. Norris, A. H. Landzberg, "Reliability of Controlled Collapse 

Interconnections", IBM Journal of Research and Development, 1969. 

[106] W. Engelmaier, "Fatigue Life of Leadless Chip Carrier Solder Joints 

During Power Cycling", Components, Hybrids, and Manufacturing 

Technology, IEEE Transactions on, vol.6, pp. 232-237, 1983. 

[107] C. Hillman, N. Blattau, M.Lacy, "Predicting Fatigue of Solder Joints 

Subjected to High Number of Power Cycles", DFR Solutions.  

[108] P. Lall, A. Shirgaoker, D. Arunachalam, "Norris–Landzberg 

Acceleration Factors and Goldmann Constants for SAC305 Lead-Free 

Electronics", in Journal of Electronic Packaging, Transactions of the 

ASME, 2012. 

[109] V. Vasudevan, X. Fan, "An Acceleration Model for Lead-Free (SAC) 

Solder Joint Reliability under Thermal Cycling", Intel Corporation. 

[110] K. C. Kapur, M. Pecht, "Reliability Engineering", Wiley, 2014, ISBN: 

978-1-118-84171-6. 

[111] Life Data Analysis Reference Book: 

www.reliawiki.com/index.php/Life_Data_Analysis_Reference_Book 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

287 

[112] H. Wang, K. Ma, F. Blaabjerg, "Design for reliability of power 

electronic systems", IECON 2012 - 38th IEEE Industrial Electronics 

Society, Montreal, QC, pp. 33-44, 2012. 

[113] H. S.-H. Chung et al, "Reliability of Power Electronic Converter 

Systems", IET, 2015, ISBN: 978-1-84919-901-8. 

[114] Y. Song, B. Wang, "Survey on Reliability of Power Electronic Systems," 

in IEEE Transactions on Power Electronics, vol. 28, no. 1, pp. 591-604, 

2013. 

[115] P. O'Connor, A. Kleyner, "Practical Reliability Engineering", Wiley, 

2012, ISBN: 978-0-470-97981-5. 

[116] K. Ma, D. Zhou, F. Blaabjerg, "Evaluation and Design Tools for the 

Reliability of Wind Power Converter System", in Journal of Power 

Electronic, vol. 15, pp. 1149-1157, 2015. 

[117] M. G. Pecht et al, "Prognostics and Health Management of 

Electronics", Wiley, 2008, ISBN: 978-1-119-51532-6. 

[118] K. Goebel et al, "Prognostics: The Science of Making Predictions", 2017, 

ISBN: 978-1539074830. 

[119] B. Wang et al, "Review of power semiconductor device reliability for 

power converters", CPSS Trans. on Power Electron. and Appl., vol. 2, 

no. 2, pp. 101-117, 2017. 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

288 

[120] S. Yang et al, "Condition Monitoring for Device Reliability in Power 

Electronic Converters: A Review",  IEEE Trans. on Power Electron., 

vol. 25, no. 11, pp. 2734-2752, 2010. 

[121] S. Hanly, "Differences between Condition-Based, Predictive, and 

Prescriptive Maintenance", enDAQ blog, 

https://blog.endaq.com/differences-between-condition-based-predictive-

and-prescriptive-maintenance. 

[122] J. Gong, L. Xiong, F. Liu, X. Zha, "A Regenerative Cascaded Multilevel 

Converter Adopting Active Front Ends Only in Part of Cells", in IEEE 

Transactions on Industry Applications, vol. 51, no. 2, pp. 1754-1762, 

2015. 

[123] M. A. Perez, J. R. Espinoza, J. R. Rodriguez, P. Lezana, "Regenerative 

medium-voltage AC drive based on a multicell arrangement with 

reduced energy storage requirements", in IEEE Transactions on 

Industrial Electronics, vol. 52, no. 1, pp. 171-180, 2005. 

[124] Z. Yang, J. Sun, X. Zha, Y. Tang, "Power Decoupling Control for 

Capacitance Reduction in Cascaded-H-Bridge-Converter-Based 

Regenerative Motor Drive Systems", in IEEE Transactions on Power 

Electronics, vol. 34, no. 1, pp. 538-549, 2019. 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

289 

[125] R. O. Ramírez, J. R. Espinoza, C. Baier, “"perating region of a power 

cell in a CHB based topology operating at reduced second harmonic", 

Industrial Electronics Society IECON 2016 - 42nd Annual Conference of 

the IEEE, pp. 5058-5063, 2016. 

[126] R. O. Ramírez, J. R. Espinoza, P. E. Melín, F. A. Villarroel, E. E. 

Espinosa and M. E. Rivera, "Multi-cell topology based on voltage source 

converters with a reduced DC Capacitor by means of a predictive 

control scheme," IECON 2012 - 38th Annual Conference on IEEE 

Industrial Electronics Society, Montreal, QC, 2012. 

[127] Z. Yang, J. Sun, Y. Tang, M. Huang and X. Zha, "An Integrated Dual 

Voltage Loop Control for Capacitance Reduction in CHB Based 

Regenerative Motor Drive Systems," in IEEE Transactions on 

Industrial Electronics, vol. 66, no. 5, pp. 3369-3379, May 2019. 

[128] Y. Tang, Z. Qin, F. Blaabjerg and P. C. Loh, "A Dual Voltage Control 

Strategy for Single-Phase PWM Converters with Power Decoupling 

Function," in IEEE Transactions on Power Electronics, vol. 30, no. 12, 

pp. 7060-7071, 2015. 

[129]  Z. Ni, A. Abuelnaga, S. Badawi, S. Yuan, M. Narimani, N. Zargari, 

"DC-link Voltage Ripple Control of Regenerative CHB Drives for 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

290 

Capacitance Reduction", in IEEE Transactions on Industrial 

Electronics, Early Access, 2021. 

[130] A. Abuelnaga, Z. Ni, M. Narimani, Z. Cheng, N. Zargari, "Capacitor 

Size Reduction and Lifetime Extension For Cascaded H-Bridge Drives," 

US2021091681A1. 

[131] CD29L Jianghai: https://jianghai-europe.com/products/snap-in 

[132] S. Buso, L. Malesani, P. Mattavelli, "Comparison of current control 

techniques for active filters applications, " IEEE Transactions on 

Industrial Electronics, vol. 45, no. 5, pp. 722–729, Oct. 1998. 

[133] S. Buso, S. Fasolo, L. Malesani, P. Mattavelli, "A dead-beat adaptive 

hysteresis current control, " IEEE Transactions on Industry 

Applications, vol. 36, no. 4, pp. 1174–1180, 2000. 

[134] L. Malesani, P. Mattavelli, S. Buso, "Robust dead-beat current control 

for PWM rectifiers and active filters, " IEEE Transaction on Industry 

Applications, vol.35, no. 3, pp. 613–620, 1999. 

[135] J. Rodriguez, C. Patricio, "Predictive Control of Power Converters and 

Electrical Drives", John Wiley & Sons, 2012. 

[136] C. Lascu, L. Asiminoaei, I. Boldea and F. Blaabjerg, "High Performance 

Current Controller for Selective Harmonic Compensation in Active 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

291 

Power Filters, " in IEEE Transactions on Power Electronics, vol. 22, 

no. 5, pp. 1826-1835, 2007. 

[137] P. Mattavelli, "A closed-loop selective harmonic compensation for active 

filters, " in IEEE Transactions on Industry Applications, vol. 37, no. 1, 

pp. 81-89, 2001. 

[138] H. Akagi, Y. Kanzawa, and A. Nabae, "Instantaneous reactive power 

compensators comprising switching devices without energy storage 

components, " in IEEE Transactions on Industry Applications, vol. IA-

20, no. 3, pp. 625–630, 1984. 

[139] H. Akagi, E. H. Watanabe, M. Aredes. Instantaneous power theory and 

applications to power conditioning. John Wiley & Sons, 2017. 

[140] Z. Ni, A. Abuelnaga, S. Yuan, S. Badawi, M. Narimani, Z. Cheng, and 

N. Zargari, "A New Approach to Input Filter Design for Regenerative 

Cascaded-H-Bridge (CHB) Drives", in IEEE Transactions on Industrial 

Electronics, Early Access, 2021. 

[141] DD160N dual diode rectifier from Infineon 

https://www.infineon.com/cms/en/product/power/diodes-

thyristors/thyristor-diode-modules/dd160n22k/ 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

292 

[142] FF200R17KE4 dual IGBT module from Infineon 

https://www.infineon.com/cms/en/product/power/igbt/igbt-

modules/ff200r17ke4/ 

[143] FF400R17KE4 dual IGBT module from Infineon 

https://www.infineon.com/cms/en/product/power/igbt/igbt-

modules/ff400r17ke4/ 

[144] IPOSIM – Infineon Online Power Simulation Tool 

https://www.infineon.com/cms/en/tools/landing/iposim.html 

[145] Z. Zhenbo, “IGBT4 chip & IGB4 module - Market mainstream in 

future”, Infineon, 2007. 

[146] Mersen R-TOOLS: https://www.r-tools.com/  

[147] F. Becker, and Norbert Benesch, "Method for operating a converter and 

corresponding apparatus", US8116108B2. 

[148] A. Sayed-Ahmed, R. Kerkman and B. Seibel, "Analysis of IGBT based 

fundamental front end regenerative motor-drive systems",  2013 

Twenty-Eighth Annual IEEE Applied Power Electronics Conference and 

Exposition (APEC), Long Beach, CA, pp. 765-772, 2013. 

[149] N. Benesch, "Method and apparatus for setting a feedback power of a 

fundamental frequency clocked converter", US20100008115A1. 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

293 

[150] N. Benesch, B. Köhler, "Mains converter for switching, without any 

interruption, between clocked voltage-regulated operation and 

fundamental-frequency unregulated operation, and method for switching 

a converter such as this without any interruption", US20090285002A1. 

[151] N. Benesch, "Method for reducing the reactive power requirement of a 

fundamental frequency clocked power supply side converter under no 

load and with low motor loading", US7983060B2. 

[152] Z. ZHANG, and A. Sayed-Ahmed, "Voltage angle control of a 

fundamental front end converter for a grid", US10122175B1. 

[153] A. Yazdani, R. Iravani, "Voltage-sourced converters in power systems: 

Modeling, Control, and Applications", John Wiley & Sons, NJ, USA, 

2010, ISBN: 978-0-470-52156-4. 

[154] D. G. Holmes, and T. A. Lipo, " Pulse Width Modulation for Power 

Converters: Principles and Practice, " Wiley-IEEE Press, 2003, ISBN: 

978-0-471-20814-3. 

[155] Z. Cheng, N. R. Zargari, "Power conversion system", US9831846B2. 

[156] B. Singh, A. Chandra, K. Al-Haddad, "Power Quality: Problems and 

Mitigation Techniques", Wiley, 2015, ISBN: 978-1-118-92205-7.  

[157] J. D. Glover, M. S. Sarma, T. J. Overbye, "Power system analysis and 

design, "Cengage Learning, 2012, ISBN: 978-1-111-42577-7. 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

294 

[158] M. F. McGranaghan, D. R. Mueller and M. J. Samotyj, "Voltage sags in 

industrial systems", in IEEE Transactions on Industry Applications, 

vol. 29, no. 2, pp. 397-403, 1993. 

[159] H. G. Sarmiento and E. Estrada, "A voltage sag study in an industry 

with adjustable speed drives", Proceedings of Industrial and 

Commercial Power Systems Conference, pp. 85-89, 1994. 

[160] M. H. J. Bollen, "Characterisation of voltage sags experienced by three-

phase adjustable-speed drives", in IEEE Transactions on Power 

Delivery, vol. 12, no. 4, pp. 1666-1671, 1997. 

[161] J. L. Duran-Gomez, P. N. Enjeti, Byeong Ok Woo, "Effect of voltage 

sags on adjustable-speed drives: a critical evaluation and an approach to 

improve performance", in IEEE Transactions on Industry Applications, 

vol. 35, no. 6, pp. 1440-1449, 1999. 

[162] S. Z. Djokic, K. Stockman, J. V. Milanovic, J. J. M. Desmet, R. 

Belmans, "Sensitivity of AC adjustable speed drives to voltage sags and 

short interruptions", in IEEE Transactions on Power Delivery, vol. 20, 

no. 1, pp. 494-505, 2005. 

[163] R. Cao, E. R. Collins, "The effects of load types on the behavior of AC 

motor drives during voltage sags", 10th International Conference on 

Harmonics and Quality of Power. Proceedings, vol. 1, pp. 353-358, 2002.  



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

295 

[164] Y. Suh, Y. Go, D. Rho, "A Comparative Study on Control Algorithm 

for Active Front-End Rectifier of Large Motor Drives Under Unbalanced 

Input", in IEEE Transactions on Industry Applications, vol. 47, no. 3, 

pp. 1419-1431, 2011. 

[165] R. Teodorescu, M. Liserre, P. Rodriguez, "Grid Converters for 

Photovoltaic and Wind Power Systems", Wiley-IEEE, 2011, ISBN: 978-

0-470-05751-3. 

[166] M. Chomat, L. Schreier and J. Bendl, "Control of active front-end 

rectifier under unbalanced voltage supply and DC-link pulsations", in 

IEEE International Electric Machines & Drives Conference (IEMDC), 

pp. 324-329, 2011. 

[167] Y. A. I. Mohamed, "Mitigation of Dynamic, Unbalanced, and Harmonic 

Voltage Disturbances Using Grid-Connected Inverters With LCL 

Filter", in IEEE Transactions on Industrial Electronics, vol. 58, no. 9, 

pp. 3914-3924, 2011. 

[168] X. Guo, W. Liu, Z. Lu, "Flexible Power Regulation and Current-

Limited Control of the Grid-Connected Inverter Under Unbalanced Grid 

Voltage Faults", in IEEE Transactions on Industrial Electronics, vol. 

64, no. 9, pp. 7425-7432, 2017. 



Ph.D. Thesis – Ahmed Abuelnaga                                  McMaster – Electrical Engineering 

296 

[169] Y. Zhang, M.G.L. Roes, M.A.M. Hendrix, J.L. Duarte, "Symmetric-

component decoupled control of grid-connected inverters for voltage 

unbalance correction and harmonic compensation", International 

Journal of Electrical Power & Energy Systems, Vol. 115, 2020. 

[170]  S. Alepuz et al., "Control Strategies Based on Symmetrical 

Components for Grid-Connected Converters Under Voltage Dips," 

in IEEE Transactions on Industrial Electronics, vol. 56, no. 6, pp. 2162-

2173, 2009. 

[171]  Bimal K. Bose, "Modern Power Electronics and AC Drives", Prentice 

Hall, 2001, ISBN: 9780130167439.   

[172]  P. Krause, O. Wasynczuk, S. Sudhoff, S. Pekarek, "Analysis of Electric 

Machinery and Drive Systems", Wiley-IEEE, ISBN: 9781118524336, 

2013. 

 


