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Abstract 
Multilevel inverters (MLI) have been widely applied in medium and high voltage 

applications for their advantages in high quality of output waveforms. Among various 

multilevel topologies, cascaded H-bridge (CHB) inverters have attracted more attentions 

for its modular structure, which simplifies the design and implementation. In addition, the 

modularity of CHB also expands diverse power ratings without many changes in the 

hardware setup. In a CHB inverter, the AC output voltage can be produced at different 

voltage levels depending on the number power cells that are cascaded at the output.  

To produce the AC output voltage, different modulation schemes and control 

algorithms have been studied and applied to the CHB inverter. Model predictive control 

(MPC) has been widely employed among all control algorithms in multilevel topologies 

due to their advantages such as good dynamic performance, multiple control targets, 

inclusion of nonlinearity, and flexibility to add more performance objectives. However, one 

disadvantage of the MPC is that the switching frequency is variable compared with other 

modulation schemes. Therefore, a new MPC method called modulated model predictive 

control (M2PC) has been researched to obtain a fixed switching frequency, which improves 

the harmonic spectrum of load currents and simplifies the filter design. 
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In the modulated model predictive control, the mathematical model is obtained by 

electrical model of the system. It means that the operation of the M2PC algorithm relies on 

the accuracy of the given parameters and model. If there is an error in parameters and model, 

the performance of the control will be affected negatively. To solve this problem, modulated 

model-free predictive control (M2FPC) algorithm has been introduced. With this method, 

the mathematical model is established with measured values instead of given values and 

model.   

Reliability is one of the most important issues in the design of power converters. 

However, the failure of power switches will lead to the distortion of load currents and 

voltage waveforms. Also, the distortion in load currents and voltage waveforms causes 

power imbalance between faulty and healthy phases. To reduce the negative effects of IGBT 

failure in power converters, the faulty power cells should be found and isolated. Therefore, 

fault detection and localization algorithm (FDL) should be introduced to detect the fault in 

power converters and localize the faulty power switches. 

FDL algorithm based on the given M2PC scheme is proposed in this thesis for the CHB 

inverter to make the system more reliable. The FDL algorithm utilizes the phase voltages 

and load currents to detect the open fault in the CHB inverter and localize the single and 



v 

 

multiple open switches by measuring the expected and actual phase voltages. With the 

faulty information, the faulty power cell can be isolated, and the fault-tolerant control can 

be applied to make the system work normally even though there is an open fault. 

In this thesis, without losing the generality, a seven-level CHB inverter is considered 

where there are three power cells in each phase. The M2PC algorithm was introduced to 

obtain the fixed switching frequency with the design of possible voltage vector set and 

carrier phase-shifting modulation. Based on the proposed M2PC algorithm, the FDL 

algorithm is designed to detect and localize the open switches to improve the system 

reliability. 

The theoretical analysis and simulation results validate the feasibility of the proposed 

M2PC algorithms and open fault diagnosis scheme. All possible open-circuit scenarios in 

power cells are discussed and the M2PC-based FDL algorithm has been verified. 

Experimental results verify the feasibility of the proposed M2PC. The experimental 

result of M2PC algorithm is presented to verify its operation. Also, diverse open scenarios 

can be diagnosed in the experiments.  
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Chapter 1 

Introduction 

Medium voltage (MV) converters have been under research and study from mid-

1980 when the gate-turned-off (GTO) thyristors becoming available [1], [2]. With the 

advent of other state-of-the-art switching devices, like insulated gate bipolar transistor 

(IGBT), motor drives are improved for the higher voltage and power applications due to 

smaller switching loss, ease of control signals, and advanced switching characteristics. 

With the application of motor drives, the frequency and amplitude of output voltages can 

be set with fixed three-phase input voltages. Therefore, the speed and torque of a motor 

can be controlled.  

Medium voltage drives cover the voltages from 2.3kV to 15kV. In addition, the 

power rating of MV drives ranges from 0.2MW to 20MW. In recent years, medium voltage 

motor drives have been widely applied in various applications, including high-speed 

railway systems, pumps in petrochemical industries, traction applications in transportation 

systems, rolling machines in mining industries, reactive power compensation, renewable 

conversion systems and water delivery systems [2]-[4].  

According to the study in [5], MV drive market is predicted to increase significantly 

worldwide and the fastest growing market is Asia Pacific. The MV AC motor drive market 
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is expected to reach $3.3 billion by 2031. In [6], most MV AC motor drives need the 

multiphase transformers at the front end and multilevel converters to eliminate the current 

harmonics. MV drives are always competitive at the high rated power. With the motor 

drive, the motor speed and torque should be adjusted casually, and the soft start of the 

system should be obtained. Therefore, motor drives should be developed to reduce the 

maintenance cost, extend the lifetime, and optimize the energy efficiency. 

There are various motor drive products in the market. In MV motor drives, diverse 

power converters are applied with corresponding control schemes. Every topology has its 

advantages but with some limitations [7]. Many companies are proficient in the design of 

motor drives. The manufacturers and products are shown in Table.1.1. From the survey on 

MV drive products, many products are designed with cascaded H-bridge and neutral point 

topologies. 

TABLE 1.1 MV DRIVE PRODUCTS 

Companies and Products Converter Topology Power Range(MVW) 

Rockwell Automation 

PowerFlex 6000[8] 

Cascaded H-Bridge(CHB) 

0.32-5.6 

Schneider Electric 

ATV6000[9] 
0.16-20 

Siemens GH180[10] 0.3-60 

Toshiba T300MV2[11] 

Neutral Point Clamped(NPC) 

0.22-8.22 

Toshiba MX2-60[12] 2.61-4.47 

ABB ACS1000[13] 0.315-5 

Eaton SC9000 CI[14] 0.075-1.816 

Alstom VDM6000 

Synphony[15] 
Flying Capacitor(FC) 

Air:0.3-3 

Water:2.2-8 

Alstom VDM5000[15]  
Two-level Voltage Source 

Inverter(VSI) 
1.4-7.2 
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The structure of MV AC motor drives always includes four important components: 

transformer, rectifier, DC filter, and inverter. The structure of MV motor drive is shown in 

Fig.1.1. In the line- and motor-side, the filter can be added to improve the waveforms. 

Ld

M

Transformer Rectifier DC Filter Inverter Motor

Cd

 

Fig.1.1. Structure of A MV AC Motor Drive [7] 

In a motor drive, the three-phase transformer is used to eliminate the current 

harmonics in the line side. With the rectifier, the DC voltage can be generated and the 

voltage ripple can be mitigated with a DC filter. Finally, the output AC voltage can be 

controlled to make the motor work normally at different speed and torque.  

There are several technical requirements and challenges in the design of motor drives 

[7] which requirements in the line side, challenges in the motor side, and switching devices: 

1. Line Side Requirements 

a) Reduce large current distortion to comply with the standard. 

b) Improve input power factor. 

2. Motor Side Challenges 

a) Reduce dv/dt and common mode voltage. 

b) Improve waveform quality to avoid motor derating. 

c) Suppress LC resonance.  

3. Switching Devices Constraints 
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a) Apply low switching frequency to reduce the switching loss. 

b) Implement a reliable voltage equalization scheme to protect switching devices. 

 

In the AC/DC section, multi-pulse diode rectifier can be applied to improve the line 

current quality. Common multi-pulse rectifiers are 12-pulse, 18-pulse, and 24 pulse 

rectifiers. The typical configurations of these multi-pulse rectifiers are shown as Fig.1.2. A 

phase-shifting transformer with several secondary windings is applied into rectifiers to 

provide the DC voltage and make the line-side currents meet the THD requirement. 

δ =0°

δ =30°

+

-

6-pulse 

Rectifier

Ls

ai

ai

Ai

N1

N3

N2

 

(a) 12-pulse Rectifier  
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δ =0°

δ =20°

+

-

Ls

δ =-20°

 

(b) 18-pulse Rectifier  

δ =0°

δ =15°

+

-

Ls

δ =-15°

δ =30°
 

(c) 24-pulse Rectifier 

Fig.1.2. Multi-pulse Rectifiers [7] 
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For the 12-pulse rectifier, the turns ratio between N2 and N3 in the transformer can be 

subject to [7]: 

                    
𝑁1

𝑁2
= 2 and 

𝑁2

𝑁3
=

1

√3
                        (1.1) 

With this ratio, amplitudes of referred currents, 𝑖𝑎
′  and 𝑖𝑎̃

′ , have the same value 

and the harmonics of line currents can be offset. The Fourier expressions of referred 

currents are as given: 

    𝑖𝑎
′ =

√3

𝜋
𝐼𝑑(𝑠𝑖𝑛 𝜔 𝑡 −

1

5
𝑠𝑖𝑛 5𝜔𝑡 −

1

7
𝑠𝑖𝑛 7𝜔𝑡 +

1

11
𝑠𝑖𝑛 1 1𝜔𝑡 +

1

13
𝑠𝑖𝑛 1 3𝜔𝑡 

−
1

17
𝑠𝑖𝑛 1 7𝜔𝑡 −

1

19
𝑠𝑖𝑛 1 9𝜔𝑡 +⋅⋅⋅)  (1.2) 

    𝑖𝑎̃
′ =

√3

𝜋
𝐼𝑑(𝑠𝑖𝑛 𝜔 𝑡 +

1

5
𝑠𝑖𝑛 5𝜔𝑡 +

1

7
𝑠𝑖𝑛 7𝜔𝑡 +

1

11
𝑠𝑖𝑛 1 1𝜔𝑡 +

1

13
𝑠𝑖𝑛 1 3𝜔𝑡 

+
1

17
𝑠𝑖𝑛 1 7𝜔𝑡 +

1

19
𝑠𝑖𝑛 1 9𝜔𝑡 +⋅⋅⋅)  (1.3) 

where Id is the value of DC output current in the rectifier. With the referred current 

values, the line current iA is expressed by: 

        𝑖𝐴 = 𝑖𝑎
′ + 𝑖𝑎̃

′ =
√3

𝜋
𝐼𝑑(𝑠𝑖𝑛 𝜔 𝑡 +

1

11
𝑠𝑖𝑛 1 1𝜔𝑡 +

1

13
𝑠𝑖𝑛 1 3𝜔𝑡 

+
1

23
𝑠𝑖𝑛 2 3𝜔𝑡 +

1

25
𝑠𝑖𝑛 2 5𝜔𝑡)             (1.4) 

From the equation, the 5th and 7th harmonics in line currents are cancelled with a 12-

pulse rectifier. With the 18- and 24-pulse rectifiers, more harmonics can be eliminated, and 

line-side requirements can be met. 

The design of a suitable inverter is necessary to control the output AC current.  
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In the MV motor drive products, multilevel topologies, including CHB, NPC and FC 

topologies, are widely applied for high power applications due to its advantages in high 

quality of output currents by using more DC voltage levels [16]. Output voltage is 

synthesized by switching between several voltage levels. Compared with only two voltage 

levels in conventional two-level voltage source inverter (VSI), the output waveforms are 

smoother with more voltage levels. Because of the improvement in harmonic spectrum, 

multiple voltage levels result in smaller dv/dt, smaller common mode voltage, and lower 

switching frequency. 

There are some classic multilevel topologies as shown in Fig.1.2: 

  
 

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

Fig.1.3. MV Multilevel Inverter Topologies [7] 
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Multi-pulse diode rectifiers and multilevel inverters can help to meet the 

requirements in the line and motor sides and make them suitable for MV motor drives.  

1.1 Research Objective 

The cascaded H-bridge inverters attracted much attention in the design of MV motor 

drives for its modular and scalable structure. It is composed of the series connection of H-

bridge power cells. The structure of the CHB inverter features the advantages as [17]: 

1) Convenient extension of the power cells  

2) Easy design of fault-tolerant control scheme for its modular structure and 

redundant switching states 

3) No need for capacitor voltage balancing, which is obtained with CHB rectifier. 

 

In the power cell of each phase, the three-phase rectifier is utilized to produce the 

isolated DC voltage. The conventional diode rectifier is shown as Fig.1.4(a). However, the 

disadvantage of diode rectifier is that the power flow is unidirectional. The power can only 

flow from the source to the load. Some applications, including downhill conveyors, cranes, 

and hoists, require bidirectional power flow [18]. Then, the regenerative power cell should 

be introduced in these applications as shown in Fig.1.4(b). In this thesis, the DC voltage of 

each power cell is provided by a three-phase diode rectifier.  
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Cdc

S1i S3i

S2i S4i

 

(a) Non-regenerative Power Cell 

S3i

S4i

Cdc

S1i

S2i

 

(b) Regenerative Power Cell 

Fig.1.4. Structure of Power Cell 

In recent years, several modulation schemes have been studied for CHB inverters: (1) 

sinusoidal PWM (SPWM) scheme (2) selective harmonic elimination (SHE)scheme, and 

(3) space vector modulation (SVM) [19]. In the control loop, PI, PR and PIR controllers 

are applied to control the load currents [20]. Compared with conventional modulation 

algorithms, finite control set model predictive control (FCS-MPC) has also been widely 

applied in various multilevel converters for its advantages of good dynamic performance, 

good inclusion for nonlinearity, simple control structure, and multi-objective control [21]-

[22]. FCS-MPC predicts the load currents with the mathematical model and compares all 
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predicted values with reference values to find the optimal switching signals. However, one 

concern of conventional FCS-MPC algorithm is that the switching frequency is variable 

[23]-[24]. Therefore, in [25] and [26], modulated model predictive control(M2PC) has been 

proposed which can make the motor drive operate at a constant switching frequency. With 

the fixed switching frequency, the filter is convenient to design, and the current waveform 

can be improved. 

One drawback of the MPC algorithm is that the control performance relies on the 

accuracy of the parameter and the model [27]. It means that if there is any mismatch in the 

parameter and model, the deviation in the output currents is large. Under this circumstance, 

model-free predictive control (MFPC) is an alternative algorithm, which uses data-driven 

models and avoids the use of explicit model [28]. This algorithm applies a linear model 

and the prediction requires the observation values in former time intervals. An 

autoregressive with exogenous input (ARX) model is selected as the prediction model for 

output currents in [27]. It shows a good performance in the closed-loop control. In the ARX 

model, the measurement values of phase voltages and load currents are needed. 

Coefficients in the ARX model should be estimated and the model is established. 

Considering the uncertainty of the parameters and model, least square (LS) is applied to 

calculate the coefficients in the ARX model. However, the LS algorithm needs to calculate 

the inverse matrix in every sampling time, which increases the computation burden in 

digital signal processor (DSP). In this thesis, a recursive least square (RLS) is proposed to 

estimate the coefficients in the ARX model to simplify the algorithm.  
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Another concern of power converters is the fault detection of power switches, 

including short-circuit (SC) and open-circuit (OC) faults. [29] shows that 38% of faults in 

the power converters are from semiconductor failure. One typical cause of SC fault is the 

high temperature in the switches generated by power consumption [30]. In [31], short 

switches can be detected by measuring the drain-to-source voltages in MOSFET or 

collector-to-emitter voltage in IGBT. For OC fault, the main causes are the failure of gate 

drivers and lift-off of bond wires [32]. Gate driver failure occupies 15% among all 

electronic failure [33]. Among the two fault situations, SC fault is serious and can be 

detected by the gate drivers, and the system should be shut down immediately. In this thesis, 

only OC fault scenarios are discussed. 

To improve the reliability of MV motor drives, a fault-tolerant control scheme should 

be applied to the CHB topology after fault occurs. The framework of fault-tolerant scheme 

is shown in Fig.1.5. Therefore, the faulty power cell should be identified and isolated from 

the motor drives. Under this circumstance, the fault-tolerant control can make the motor 

work under faulty condition. 

Normal Operation Fault Detection

OC Fault Happens

Fault Localization Isolate Faulty Cell

Apply Fault-tolerant Scheme

Operate under Faulty Condition  

Fig.1.5. Framework of Fault-tolerant Control Scheme [34]  

The research objective of this thesis work is to realize the fault diagnosis based on 

M2PC algorithm in CHB inverters. This work introduces the proposed M2PC algorithm 

with fixed switching frequency. Then, the fault detection and localization (FDL) algorithm 
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is introduced to detect and localize the open switch fault in CHB topology. In the proposed 

FDL algorithm, phase voltage and load current sensors are needed. The feasibility of the 

two algorithms is validated by simulation results with MATLAB/Simulink. Finally, 

experimental results verify the operation of M2PC and FDL algorithms. 

1.2 Contributions 

The contributions of the presented work can be outlined as follows: 

• A review of CHB converter has been done and corresponding modulation schemes 

are discussed. Also, FDL algorithms are reviewed. 

• MPC algorithms are studied in terms of performance, advantages, and drawbacks of 

each method. 

• Modulated MPC has been proposed and developed for a CHB inverter, and its 

advantages compared with the conventional MPC algorithm.  

• A modified model-free predictive control (M2FPC) algorithm is proposed and 

developed for a CHB inverter. Compared with other M2PC algorithms, it utilizes the 

RLS algorithm for current prediction. The RLS algorithm has fast convergence 

speeds and the current prediction model is built quickly. It’s performance under 

parameter mismatch is also compared with the M2PC algorithm. In addition, the 

simulation and experimental results are presented to verify its feasibility. 

• A new FDL algorithm to detect and localize the open switch fault in the CHB motor 

drive is proposed. The performance analysis and principles of the proposed FDL 

scheme are provided. Simulation results can validate the M2PC-based FDL algorithm 

in a CHB inverter. 
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1.3 Publications 

 Yue Pan, Zhituo Ni, Mehdi Narimani，Margarita Norambuena, Jose Rodriguez, " 

Dead-Time Compensation for Model-free Predictive Control in Multilevel 

Inverters," in 2023 IEEE International Conference on Predictive Control of Electrical 

Drives and Power Electronics, in publication, June 2023. 

 Yue Pan, Zhituo Ni, Ahmed Abuelnaga, Mehdi Narimani, Jose Rodriguez, " Fault 

Diagnosis of Cascaded H-Bridge Inverter Using Model Predictive Control," in 2023 

IEEE International Conference on Predictive Control of Electrical Drives and Power 

Electronics, in publication, June 2023. 

1.4 Thesis Structure  

The thesis is structured as follows: 

Chapter 2 introduces the CHB topology, including the structure and the operation of 

CHB inverter. Then, the conventional control algorithm, SPWM modulation in CHB 

inverter will be reviewed.   

Chapter 3 provides the conventional model predictive control algorithm for a CHB 

inverter. The method of current prediction and selection of optimal switching signals will 

be introduced. 

Chapter 4 proposes a M2PC algorithm based on conventional FCS-MPC in CHB 

inverter. The definition of the voltage set in the α-β coordinate is introduced and optimal 

voltage vector is obtained with the cost function. The simulation and experimental results 

of the proposed M2PC algorithm are provided in this chapter. 
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Chapter 5 analyzes the model-free predictive control applied in the proposed M2PC 

algorithm. This chapter proposes a method of designing the mathematical model with the 

measured values in several sampling times by RLS algorithm. The simulation results with 

RL and PMSM are provided. Also, the performance of M2PC and M2FPC algorithms is 

compared under parameter mismatch. 

Chapter 6 analyzes the FDL algorithm based on M2PC algorithm. Firstly, a 

comprehensive background of the FDL algorithm is provided. This chapter will introduce 

the details of a new FDL algorithms and analyze effects of various open fault scenarios. 

Then, the faulty situations are categorized by common and special cases. The FDL 

algorithm based on the two situations will be validated with simulation results. Simulation 

results also verify the feasibility of the FDL algorithm. 

Chapter 7 provides the experimental results of M2PC and M2FPC algorithms. The 

waveforms of load currents under steady-state and dynamic performances are given. Also, 

their performances under parameter mismatch are compared. From the experiments, the 

feasibility of M2PC and M2FPC algorithms is validated. 

Chapter 8 will provide the conclusion of the thesis and future works to do based on 

current research work.  
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Chapter 2  

Cascaded H-Bridge (CHB)Inverters 

2.1  Structure of a Cascaded H-Bridge (CHB) Inverter 

H-bridge inverter features a simple structure and can be connected in series to produce 

multilevel AC voltage at the output with better quality. The inverter with cascaded structure 

is called cascaded H-bridge (CHB) inverter. The CHB inverter has several advantages such 

as scalability, modularity, redundancy in switching states, and better output waveforms. 

The CHB inverter is widely applied in medium voltage systems. 

A typical structure of a CHB motor drive is shown in Fig. 2.1. Fig.2.1(b) shows the 

structure of a power cell. In CHB inverters, DC isolated voltages are produced by a multi-

pulse diode rectifier. Typically, IGBT is selected for the power switches. The output phase 

voltage is the summation of voltage of all power cells in one phase.  

For the non-regenerative power cells as shown in Fig. 2.1(b), there are three 

components including; diode rectifier, DC capacitor, and H-bridge inverter. Diode rectifier 

is to convert the three-phase AC voltage to DC voltage. DC capacitor is used to reduce the 

voltage ripples and obtain the stable DC voltage. With the H-bridge inverter, the DC voltage 
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can be converted to AC output voltage. Finally, all power cells in one phase are connected 

to provide multilevel output voltages and have small voltage stress in switching devices. 

Lo

Power Supply

Y

Z

Z

Z

Y

Y

Y

Z

Z

Z

Transformer

Ro

Motor

n

N

A

B

C

 

(a) Seven-level CHB drive 

Cdc

S1i S3i

S2i S4i

 

(b) Non-regenerative Power Cell 

Fig.2.1. Seven-level CHB Drive Topology 
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In the regenerative power cell, diode rectifier has been replaced with the active-front-

end rectifier. Compared with non-regenerative power cells, regenerative power cell has 

advantages as [35]-[37]: (1) bidirectional power flow between motor and grid, (2) improve 

the harmonic profile in the secondary side of the transformer and a phase-shifting 

transformer is not required, (3) regulate DC voltages and reduce DC voltage ripples, and (4) 

improve the displacement power factor. 

In the primary side, the phase-shifting transformer should be applied to: (1) reduce 

low-order harmonics in the line currents, (2) isolate the input voltages, (3) reduce the 

common mode voltage stress, and (4) adjust the input voltage by modifying the turns ratio. 

In this thesis, without losing the generality, a 7-level CHB topology (three cells per phase) 

along with a 18-pulse diode rectifier are employed. 

2.2  Operation and Modulation Scheme of CHB Inverters 

On the motor side, a single-phase H-bridge inverter as shown in Fig. 2.2 is applied 

and cascaded with other power cells to provide voltage levels. The inverter includes two 

legs and two IGBT devices in each leg. The constant input voltage Vdc is obtained by the 

diode rectifier in the power cell. 
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S1

S2

S3

S4

VoH
Vdc

 
Fig.2.2 Structure of Single-phase H-Bridge Inverter 

As discussed above, sinusoidal pulse-width modulation (SPWM), selective harmonic 

elimination pulse-width modulation (SHE-PWM), and space vector modulation (SVM) 

typically employed to control H-bridge switches. The switching signals of IGBTs in the 

same leg are complementary, which means only switching signals of S1 and S3 should be 

determined in one H-bridge. SPWM algorithm is the common modulation scheme. For the 

H-bridge inverter, there are two common SPWM modulation schemes: unipolar and bipolar 

modulations.  

Fig.2.3 shows the typical waveforms of a single-phase H-bridge inverter with bipolar 

modulation. In this case, the modulation index ma is 0.8 and the frequency modulation index 

mf is 15. Vm is the modulation waveform and Vcr is the carrier waveform. Sc1 and Sc3 are 

control signals for the upper switches S1 and S3. The two control signals are generated by 

the comparison between Vcr and Vm. Lower switches are complementary with upper 
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switches. For the output voltage, the output voltage can be determined by VoH=(Sc1-Sc3) Vdc. 

The output voltage in each power cell is shown in Table.2.1. 

TABLE 2.1 OUTPUT VOLTAGE IN SINGLE-PHASE H-BRIDGE 

Sc1 Sc3 VoH 

0 0 0 

0 1 -Vdc 

1 0 Vdc 

1 1 0 

In this case, the output voltage waveform switches between +Vdc to -Vdc in the whole 

period. Therefore, the modulation scheme is bipolar modulation [7]. 

0

1

-1

1

0

0

1

0

Vdc

-Vdc

0 π 2π 

Vcr Vm

Sc1

Sc3

VoH

 

Fig.2.3. A Typical Bipolar Modulation Scheme (ma=0.8, mf=15) 
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Fig.2.4 shows the waveforms of H-bridge with unipolar modulation. For unipolar 

modulation, there are two types of modulation waveforms, Vm and Vm-. The two modulation 

waveforms should be compared with triangular carrier waveform Vcr. Therefore, the control 

signals of S1 and S3 , Sc1 and Sc3, are provided. The two upper switches do not commutate 

simultaneously. For this reason, the output voltage VoH switches between 0 and +Vdc in the 

positive cycle and -Vdc in the negative cycle. Therefore, the modulation scheme is unipolar 

modulation. 

0

-1

1

1

0

0

1

0

Vdc

-Vdc

0 π

Vcr Vm Vm-

 

Fig.2.4 A Typical Unipolar Modulation Scheme (ma=0.8, mf=15) 
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Among the two SPWM modulation schemes, unipolar modulation attracts more 

interests because more harmonics in the output voltage can be eliminated compared with 

bipolar modulation.  

Carrier-shifted modulation schemes are applied to provide switching signals for 

power cells in CHB inverters. Carrier-based modulation schemes are categorized into 

phase-shifted and level-shifted modulations [7].  

In a CHB inverter, if N is the number of power cells in each phase, then the number 

of phase voltage levels m is determined by 

                              𝑚 = 2𝑁 + 1                          (2.1) 

The number of carrier waveforms mc is expressed by 

                               𝑚𝑐 = 2𝑁                            (2.2)  

In phase-shifted modulation, all triangular carrier waveforms have the same 

amplitude and frequency. The phase difference φd between two adjacent waveforms are 

determined by 

𝜑𝑑 =
180∘

𝑁
                           (2.3) 
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Fig.2.5. Phase-shifted Modulation in a Seven-level CHB Inverter 
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Fig.2.5 shows the principle of phase-shifted modulation in a seven-level CHB inverter. 

Like unipolar modulation in single-phase H-bridge inverter, the control signals for three 

power cells are generated by the comparison between carrier and modulation waveforms. 

The phase voltage, VAN, is the sum of output voltage in all power cells as: 

   𝑉𝐴𝑁 = 𝑉𝑜𝐻1 + 𝑉𝑜𝐻2 + 𝑉𝑜𝐻3 = 𝑉𝑑𝑐(𝑆𝑐11 + 𝑆𝑐21 + 𝑆𝑐31 − 𝑆𝑐13 − 𝑆𝑐23 − 𝑆𝑐33)    (2.4) 

where VoHi is the ith power cell. Scij is the control signal of power switch Sj in the ith power 

switch. The phase voltage is formed by seven discrete voltage levels from -3Vdc to 3Vdc. 

With the phase-shifted modulation algorithm, the maximum fundamental line-to-line 

voltage, VAB1,max, is expressed by[7] 

                        𝑉𝐴𝐵1,𝑚𝑎𝑥 = 1.224𝑁𝑉𝑑𝑐                       (2.5) 

The level-shifted modulation scheme is another unipolar modulation for CHB 

inverters. In this modulation scheme, the carrier waveforms are vertically distributed and 

their bands are contiguous. Similar to phase-shifted modulation, the carrier waveforms have 

the same amplitude and frequency. Also, there are 2N carrier waveforms in the level-shifted 

modulation scheme. The amplitude modulation index ma is defined by 

                              𝑚𝑎 =
𝑉𝑚

2𝑁𝑉𝑐𝑟
                           (2.6) 

where Vm is the peak value of modulation waveform and Vcr is the amplitude of carrier 

waveforms. 
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There are three common level-shifted modulation algorithms [38]: (1) in-phase 

disposition (IPD), (2) alternate phase opposite disposition(APOD), and (3) phase opposite 

disposition(POD). Fig.2.6 shows the carrier modulation schemes. In the level-shifted 

modulation, the modulation waveform should be compared with carrier waveforms to 

generate the switching signals. 
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(a) In-phase Disposition(IPD) 
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(b) Alternate Phase Opposite Disposition(APOD) 
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(c) Phase Opposite Disposition(POD) 

Fig.2.6. Level-shifted Modulation for a Seven-level CHB Inverter (mf=15, ma=0.8) 

 

Phase-shifted modulation has a higher THD value compared with the level-shifted 

modulation [39]. Among all PWM schemes, SPWM has the simplest structure and can be 

implemented in multilevel converters easily. 

Space vector modulation (SVM) scheme requires the selection of switching states and 

dwell time calculation of switching states with voltage-second theorem in α-β coordinates 

in each sampling time. It has better utilization of DC input voltages in CHB inverter 

compared with SPWM algorithm [40]. However, if the number of voltage levels increases, 

the computation burden will increase and the algorithm will become more complex with 

SVM algorithm [41]. 
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The SHE-PWM modulation reduces the low order harmonics in the output currents 

by modifying the firing angles to provide highest quality output compared with other PWM 

schemes [42]-[43]. However, the control algorithm is more complicated than all other 

algorithms and it increases the computation burdens. Also, another major problem in SHE-

PWM is to solve the nonlinear equations [44].  

2.3  Summary 

This chapter introduces the structure and modulation schemes of the CHB topology. 

A number of power cells are connected to generate multiple voltage levels. The number of 

power cells are determined by manufacturing cost, THD requirement, and input voltage[7]. 

DC input voltage is produced by CHB diode rectifiers fed by phase-shifting 

transformer and carrier-based SPWM modulation scheme is used for CHB inverter. Phase- 

and level-shifted modulation schemes are introduced in this section. Another two control 

algorithms are space vector modulation and selective harmonic elimination pulse-width 

algorithms. 

The structure of CHB topologies have the advantage in modular and scalable structure, 

convenience for fault-tolerant control, lower dv/dt and THD values. However, it requires 

many power switches and isolated DC input voltages. 
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Chapter 3 

Model Predictive Control (MPC) of CHB Inverters 

3.1 Introduction 

In Chapter 2, the modulation schemes have been introduced for CHB inverters. In this 

chapter, finite control set model predictive control (FCS-MPC) will be reviewed. In this 

control algorithm, the load current with various switching signals in the next sampling time 

can be predicted with the discrete-time mathematical model of the system. In this process, 

the output current in the time interval k should be measured. The predicted value in the 

sampling time k+1 should be compared with the reference value and the optimal switching 

signal is selected by minimization of a cost function. MPC shows a good dynamic 

performance considering multiple control objectives. The block diagram of the MPC 

algorithm is shown in Fig.3.1. 

In section 3.2, the mathematical model of load current with RL load permanent 

magnet synchronous motor (PMSM) is reviewed. Section 3.3 illustrates the method to 

obtain the control signals with a cost function. 
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Discrete-time 

Mathematical Model

Cost Function Power Converter RL Load
, ( 1)abc refI k +

( 1)AS k +

( 1)BS k +

( 1)CS k +

( )abcI k

, ( 1)abc preI k +

 

Fig.3.1. General MPC Algorithm with RL Load 

3.2 Mathematical Model of the System 

A. With RL Load 

In this section, the continuous-time mathematical model with RL load is defined. 

The RL load of three-phase motor drive is as Fig.3.2. Kirchhoff’s voltage law is applied 

to the converter circuit as the following equation. 

                           𝑉𝑥𝑛 = 𝑅𝑜𝑖𝑥 + 𝐿𝑜
𝑑𝑖𝑥

𝑑𝑡
                       (3.1) 

RA LA

RB LB

RC LC

iA

iB

iC

 

Fig.3.2. RL Model for CHB Motor Drive 
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where Vxn, x=a, b, and c, is the load voltage. ix is the output current in each phase. Ro and 

Lo are load resistance and inductance respectively, with the assumption that values in three 

phases are the same. In this part, load voltages are determined by phase voltages VxN and 

common mode voltage VNn. Assuming the three phase load currents are subject to ia+ib+ic=0, 

the common mode voltage is expressed by (3.2). With the phase voltage and common mode 

voltage, the load voltage can be obtained with (3.3). 

                      𝑉𝑁𝑛 = −
1

3
(𝑉𝐴𝑁 + 𝑉𝐵𝑁 + 𝑉𝐶𝑁)                     (3.2) 

                           𝑉𝑥𝑛 = 𝑉𝑥𝑁 + 𝑉𝑁𝑛                           (3.3) 

From the two equations, the relationship between phase voltage and load voltage is 

written in (3.4) [45]:  

                      [

𝑉𝐴𝑛

𝑉𝐵𝑛

𝑉𝐶𝑛

] =
1

3
[

2 −1 −1
−1 2 −1
−1 −1 2

] [
𝑉𝐴𝑁

𝑉𝐵𝑁

𝑉𝐶𝑁

]                   (3.4) 

With equation (2.4), phase voltages can be determined with switching signals. The 

discrete-time model can be built based on the continuous-time model. The first-order 

derivative can be calculated with backward Euler method [46] as follows: 

                         
𝑑𝑖𝑥

𝑑𝑡
=

𝑖𝑥(𝑘+1)−𝑖𝑥(𝑘)

𝑇𝑠
                      (3.5) 

where Ts is the sampling time. 
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By applying equation (3.5) to (3.1), the discrete-time mathematical model of RL load 

is expressed by (3.6):  

𝑖𝑥(𝑘 + 1) =
𝑇𝑠

𝐿𝑜 + 𝑅𝑜𝑇𝑠
𝑉𝑥𝑛(𝑘 + 1) +

𝐿𝑜

𝐿𝑜 + 𝑅𝑜𝑇𝑠
𝑖𝑥(𝑘) 

                             x=A, B, and C                            (3.6) 

Therefore, the load current in the time instant k+1 can be predicted with phase 

voltages and current value in the sampling time k as (3.7): 

  [

𝑖𝑎(𝑘 + 1)
𝑖𝑏(𝑘 + 1)
𝑖𝑐(𝑘 + 1)

] =
𝑇𝑠

3(𝑅𝑜𝑇𝑠+𝐿𝑜)
[

2 −1 −1
−1 2 −1
−1 −1 2

] [

𝑉𝐴𝑁(𝑘 + 1)
𝑉𝐵𝑁(𝑘 + 1)
𝑉𝐶𝑁(𝑘 + 1)

] +
𝐿𝑜

𝑅𝑜𝑇𝑠+𝐿𝑜
[

𝑖𝑎(𝑘)
𝑖𝑏(𝑘)
𝑖𝑐(𝑘)

]  (3.7) 

B. With PMSM Load 

Similar to RL model, a continuous-time model for PMSM can be developed. The 

control scheme for PMSM uses the d-q rotating frame to control the output currents. With 

d-q reference frame, the three-phase AC voltages and currents are converted to two DC 

variables in the direct and quadrature axes. Therefore, it simplifies the analysis of the 

control schemes for PMSM. The block diagram of FCS-MPC algorithm for PMSM is 

shown in Fig.3.3. In my simulation results, the PMSM has the non-salient rotor, which 

means Ld=Lq. 
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Fig.3.3. MPC Algorithm with PMSM Load 

The conversion of three-phase variables to two variables in d-q coordinate includes 

two parts. The first step is to convert the three-phase variables to two variables in α-β 

coordinate by Clark transformation. The Clark transformation matrix is as (3.8): 

                 [
𝑥𝛼

𝑥𝛽
] =

2

3
[
1 −

1

2
−

1

2

0
√3

2
−

√3

2

] [

𝑥𝐴

𝑥𝐵

𝑥𝐶

]                 (3.8) 

The voltages vectors in the first sector in α-β plane are as Fig.3.4. For a multilevel 

CHB converter, the number of voltage vectors is expressed by 12N2+6N+1(N is the number 

of power cells in each phase). In the seven-level CHB inverter, the number of voltage 

vectors in FCS-MPC is 127.                     

Then, the electrical position θ is applied to turn the two variables in α-β coordinate to 

those in d-q coordinate by Park transformation. The Park transformation is as (3.9): 
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                    [
𝑥𝑑

𝑥𝑞
] = [

𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜃
−𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃

] [
𝑥𝛼

𝑥𝛽
]                 (3.9) 
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Fig.3.4. Space Vectors for a Seven-level CHB Topology (Sector I) 

The continuous-time mathematical model in d-q coordinate is given as (3.10) and the 

electromagnetic torque Te is as (3.11) [47]: 

                     {
𝑣𝑑 = 𝑅𝑠𝑖𝑑 +

𝑑𝛹𝑑

𝑑𝑡
− 𝜔𝛹𝑞

𝑣𝑞 = 𝑅𝑠𝑖𝑞 +
𝑑𝛹𝑞

𝑑𝑡
+ 𝜔𝛹𝑑

                     (3.10) 

                       𝑇𝑒 =
3

2
𝑃(𝛹𝑑 ⋅ 𝑖𝑞 − 𝛹𝑞 ⋅ 𝑖𝑑)                  (3.11) 
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where P is the number of pole pairs. id and iq are stator currents in d-q coordinate. vd and vq 

are stator voltages in d-q coordinate. ω is the electrical speed. Ψd and Ψq are motor linkage 

fluxes in d-q coordinate. Electrical speed and motor linkage fluxes are as follows: 

                             𝜔 = 𝑃𝛺                            (3.12) 

                           {
𝛹𝑑 = 𝐿𝑑𝑖𝑑 + 𝛹𝑓

𝛹𝑞 = 𝐿𝑞𝑖𝑞
                      (3.13) 

where Ω is mechanical speed. Ld and Lq are stator inductances in d and q axes. Ψf is the 

permanent magnet linkage flux. 

With equation(3.10), the discrete-time model can be rewritten as (3.14)[48]:  

        {
𝑖𝑑(𝑘 + 1) = (1 −

𝑅𝑜𝑇𝑠

𝐿𝑜
)𝑖𝑑(𝑘) +

𝑇𝑠

𝐿𝑜
𝑣𝑑(𝑘) + 𝑇𝑠𝜔𝑖𝑞(𝑘)

𝑖𝑞(𝑘 + 1) = (1 −
𝑅𝑜𝑇𝑠

𝐿𝑜
)𝑖𝑞(𝑘) +

𝑇𝑠

𝐿𝑜
𝑣𝑞(𝑘) − 𝑇𝑠𝜔𝑖𝑑(𝑘) −

𝑇𝑠

𝐿𝑜
𝜔𝛹𝑓

        (3.14) 

In this process, the stator currents in the sampling time k+1 can be predicted with the 

stator voltages and stator currents measured in the time instant k. 

From the theory, the electromagnetic torque in (3.11) can be transferred to (3.15). 

The mechanical speed is obtained from (3.16). In addition, the motor speed is subject to 

the mathematical model of mechanical dynamics as (3.17). 

                     𝑇𝑒 =
3

2
𝑃[𝛹𝑓 + (𝐿𝑑 − 𝐿𝑞) ⋅ 𝑖𝑑] ⋅ 𝑖𝑞                  (3.15) 

                           𝛺 =
2𝜋𝑓𝑜

𝑃
                                (3.16) 



 

M.A.Sc. Thesis – Yue Pan                     Electrical and Computer Engineering 

34 

                         𝐽
𝑑𝛺

𝑑𝑡
= 𝑇𝑒 − 𝑇𝑙 − 𝑓𝛺                         (3.17) 

Where J is the rotor inertia. Tl is the load torque for PMSM. fo is the frequency of output 

currents. f is the friction coefficient to calculate the friction torque. 

With (3.6) and (3.14), the discrete-time mathematical models of RL and PMSM loads 

are provided. The load currents in the next time interval can be predicted. Then, in the next 

section, the cost function should be defined to compare the error between the reference and 

actual values. With the minimization of the cost function, the optimal switching signals are 

found. 

3.3 Cost Function Evaluation 

With the prediction of output currents, the method to find the optimal control signals 

is to compare all predicted values with the reference values. For the RL load, the three-

phase reference current are sinusoidal waveforms. The reference sinusoidal signals are 

expressed as (3.18) by Langrage extrapolation [46]:  

        𝑖𝑟𝑒𝑓(𝑘 + 1) = 4𝑖𝑟𝑒𝑓(𝑘) − 6𝑖𝑟𝑒𝑓(𝑘 − 1) + 4𝑖𝑟𝑒𝑓(𝑘 − 2) − 𝑖𝑟𝑒𝑓(𝑘 − 3)  (3.18) 

In the PMSM model, the reference current in d axis, id,ref , is set to 0 to obtain the 

maximum torque. From (4.15) and (4.17), the rotor speed relates to quadrature current iq 

with id=0. To control the motor speed, a PI controller is used to provide the quadrature 
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reference current, iq,ref with the error between reference and measured rotor speeds. The PI 

control scheme is as (4.19). 

    𝑖𝑞,𝑟𝑒𝑓 = 𝐾𝑝(𝛺𝑚,𝑟𝑒𝑓 − 𝛺𝑚) + 𝐾𝑖 ∫(𝛺𝑚,𝑟𝑒𝑓 − 𝛺𝑚)𝑑𝑡              (3.19) 

 With the PI control in the PMSM, the motor speed can be controlled to the desired 

value. 

With the reference values, the cost function of the error between predicted and actual 

values can be applied to find the optimal switching signals which make the predicted 

currents closest to the reference values. The cost function in RL and PMSM loads are as 

following equations: 

               𝐽(𝑘 + 1) = ||𝑖𝑎𝑏𝑐(𝑘 + 1) − 𝑖𝑎𝑏𝑐,𝑟𝑒𝑓(𝑘 + 1)||2               (3.20) 

               𝐽(𝑘 + 1) = ||𝑖𝑑𝑞(𝑘 + 1) − 𝑖𝑑𝑞,𝑟𝑒𝑓(𝑘 + 1)||2                (3.21) 

where 𝑖𝑎𝑏𝑐 = [𝑖𝑎 𝑖𝑏 𝑖𝑐]
𝑇 and 𝑖𝑑𝑞 = [𝑖𝑑 𝑖𝑞]𝑇. 

With the two given cost functions, the optimal voltage vectors can be selected by 

minimizing the error between predicted and actual value. 
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3.4 Simulation Studies of Conventional MPC  

In this section, the simulation results of a conventional MPC algorithm with RL and 

PMSM loads are provided. The simulation is based on MATLAB/Simulink Model. The 

parameters of the RL and PMSM load are as provided in Section.3.4.1 and 3.4.2. 

3.4.1 Simulation Results of Conventional MPC Algorithm with RL Load 

For the simulation study with an RL load, the parameters of the model are given as 

Table. 3.1. The load side of the CHB is connected to RL load. With conventional FCS-MPC 

algorithm, three-phase currents can be controlled to desired values. 

TABLE 3.1 PARAMETERS IN THE SEVEN-LEVEL CHB INVERTER WITH RL LOAD 

Parameters Values 

DC input Voltage Vdc 70V 

DC Capacitance in Each Cell 2.3mF 

Load Inductance Lo 5mH 

Load Resistance Ro 13Ω 

Operation Frequency 60Hz 

Switching Frequency 900Hz 

Reference Load Current 6-9Arms 

Sampling Time Ts 100µs 

To test the MPC algorithm, the simulations of steady-state and dynamic performances 

are provided. In the steady-state performance, the RMS value of load currents is set to 9A. 
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The waveforms of load currents and phase voltage is as Fig.3.5. In this situation, the THD 

value of load currents is 1.81%. 
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(b) Phase Voltage VAN 

Fig.3.5. Steady-state Simulation Results with FCS-MPC Scheme and RL Load 

Also, the simulation results of dynamic performance are provided in Fig3.6. Fig.3.6 

shows the simulation results of amplitude change which the load currents increase from 
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6Arms to 9Arms at t=0.05s. Fig.3.7 shows the performance of frequency change with FCS-

MPC algorithm. The frequency decreases from 60Hz to 10Hz at t=0.05s. 
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(b) Phase Voltage VAN 

Fig.3.6. Simulation Results with FCS-MPC Scheme under Amplitude Change  
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(b) Phase Voltage VAN 

Fig.3.7. Simulation Results with FCS-MPC Scheme under Frequency Change  

3.4.2 Simulation Studies of Conventional MPC Algorithm with PMSM Load 

The parameters of PMSM control are shown in Table.3.2. With the PMSM load, FCS-

MPC algorithm realizes the control of motor speed under different load torques.  
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TABLE 3.2 PARAMETERS IN THE SEVEN-LEVEL CHB MOTOR DRIVE WITH PMSM 

Parameters Values 

DC input Voltage Vdc 1000V 

DC Capacitance in Each Cell 2.3mF 

Stator Inductance Ls 177.3mH 

Stator Resistance Rs 0.0726Ω 

Flux Linkage Ψf 7.7Wb 

Number of Pole Pairs p 3 

Rated Motor Speed Ωm 1200rpm 

Rotor Inertia J 0.9783kg·m2 

Rated Torque T 5570N·m 

Sampling Time Ts 100µs 

 

Like the simulation results with RL load, the simulation results of FCS-MPC with 

PMSM load also include steady-state and dynamic performances. 

In the steady-state performance, the motor speed is set to be 800rpm and the load 

torque is 1500N·m. The THD value of load currents is 2.56%. From the simulation results, 

the motor speed is controlled successfully. 
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(c) Electromagnetic Torque Te 

Fig.3.8. Steady-state Simulation Results with FCS-MPC Algorithm and PMSM Load  
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To test the dynamic performance of FCS-MPC with PMSM load, the modification of 

motor speed and load torque should be simulated. Fig.3.9 shows the simulation results with 

motor speed increasing from 600 to 750Hz at t=0.1s. In this case, the operation frequency 

increases from 30 to 37.5Hz. Fig.3.10 shows the simulation results with load torque 

increasing from 1000 to 1500 N·m at t=0.1s. From the simulation results, the conventional 

MPC algorithm has a good dynamic performance with speed and load torque changes as 

that with RL load. 

From the simulation results, conventional FCS-MPC performs well in the control of 

the CHB motor drive with RL and PMSM load. The speed of PMSM can be controlled with 

the modification of the desired speed and the load torque. 
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(c) Electromagnetic Torque Te 

Fig.3.9. Simulation Results under Speed Change with M2PC Algorithm with PMSM 
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(c) Electromagnetic Torque Te 

Fig.3.10. Simulation Results under Load Torque Change with MPC Algorithm with 

PMSM 
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3.5 Summary 

With the FCS-MPC algorithm, the optimal switching signals can be found by the 

minimization of cost function. It has a simple structure with good dynamic performance 

and multiple control objectives. However, one drawback is that the switching frequency is 

variable with the dynamic performance. Compared with a variable switching frequency 

MPC method, a fixed switching frequency method can improve the harmonic spectrum and 

be suitable for the filter design. Therefore, the MPC algorithm with fixed switching 

frequency is under study. Also, for the CHB inverter, the number of voltage vectors is large 

and it is a large computation burden for DSP. 

In Chapter 4, a control algorithm called modulated model predictive control (M2PC), 

is introduced. With the M2PC algorithm, it obtains the low fixed switching frequency in the 

control with the advantages of conventional FCS-MPC. In addition, the number of voltage 

vectors to analyze is smaller than that in the conventional FCS-MPC. In this control scheme, 

the output currents are transformed to α-β reference frame, and the optimal voltage vector 

is selected. 
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Chapter 4 

Modulated Model Predictive Control (M2PC) for 

CHB Inverters 

4.1 Introduction 

In this chapter, principles of M2PC algorithm are analyzed. For this algorithm, the 

three-phase voltages and currents are transformed to α-β coordinate with Clark 

transformation. The voltage vector set is defined in the domain of voltage vector in the 

sampling time. The current vector can be predicted with measured current and control 

signals. Then, the cost function is built to find the optimal voltage vector by minimizing 

the error between reference and actual currents. Finally, a modulation scheme is applied to 

generate the control signals. The M2PC algorithm has been applied in the CHB static 

synchronous compensator (STATCOM) in [49]. In the thesis, the M2PC algorithm has been 

applied in the CHB motor drive. 

[22] introduces a modulated model predictive control for a three-level NPC inverter. 

In the M2PC algorithm, space vector modulation is applied to provide the control signals 

for power switches. In this algorithm, the duty cycles of two voltage vectors and zero 

voltage vector are obtained by the cost functions of all voltage vectors. Also, [23] applied 

the M2PC algorithm in the matrix converter. In these two papers, the switching frequency 

is fixed. However, the M2PC algorithm applied in the thesis is based on the definition of 
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voltage vectors in α-β coordinate with the search step determined by the difference between 

reference and measured current vectors. The search step is adaptive for a suitable domain 

and modifies the value by the current difference. Under this circumstance, the evaluated 

control set can be selected and defined.  

In this chapter, the simulation and experiments are based on RL and PMSM loads. 

The block diagram of the M2PC algorithm with RL and PMSM loads are shown in Fig.4.1. 

With the application of the proposed M2PC, the switching frequency is fixed and the 

computation burden can be reduced [50]. 

Define Voltage 

Vectors

Cost Function

Inverse Clark 

Transformation

Phase-shifting 

PWM 

Seven-level 

CHB Inverter
RL Load

Discrete-time 

Mathematical 

Model

( )abci kClark 

Transformation

( )i k

( 1)i k +

* ( 1)i k +

( 1)cS k +

( 1)bS k +
( 1)aS k +

, ( 1)optV k +

, ( 1)abc optV k +

( 1)V k +
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(b)  PMSM Load 

Fig.4.1. Block Diagram of Modulated Model Predictive Control 

4.2 Principle of Modulated Model Predictive Control (M2PC) 

4.2.1 Output Current Prediction 

As discussed above, the output currents can be predicted with equation (3.6). The 

system model of RL load can be transferred to α-β coordinate as (4.1).  

         [
𝑖𝛼(𝑘 + 1)
𝑖𝛽(𝑘 + 1)

] =
𝑇𝑠

𝐿𝑜+𝑅𝑜𝑇𝑠
[
𝑉𝛼(𝑘 + 1)
𝑉𝛽(𝑘 + 1)

] +
𝐿𝑜

𝐿𝑜+𝑅𝑜𝑇𝑠
[
𝑖𝛼(𝑘)
𝑖𝛽(𝑘)

]         (4.1) 

where iα and iβ are output currents in α and β axes. Vα and Vβ are load voltages in α and β 

axes. The PMSM model is still as (3.14). 

With equation (4.1), the predicted output currents, iα(k+1) and iβ(k+1), can be 

calculated with measured currents in the time instant k, voltage vector in the time instant 

k+1, sampling time Ts, and load resistance Ro and inductance Lo. 
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4.2.2 Definition of Voltage Vector Set 

In equation (4.1), the output currents can be measured with the current sensor. 

However, the predicted load voltages, Vα(k+1) and Vβ(k+1), are important components in 

the model. Therefore, the voltage vector set needs to be determined. It is assumed that they 

are in the domain of load voltages in the time interval k. To make the set of voltage vectors 

simple, a rectangular domain is defined as Fig.4.2 [49]. In this voltage vector set, there are 

nine possible voltage vectors in α-β coordinate. The voltage vector set is defined as (4.2). 

The values of m and n are to define the search range. 

                   [
𝑉𝛼(𝑘 + 1)
𝑉𝛽(𝑘 + 1)

] = [
𝑉𝛼(𝑘)
𝑉𝛽(𝑘)

] + [
𝑚𝛥𝑉𝛼(𝑘)
𝑛𝛥𝑉𝛽(𝑘)

]                  (4.2) 

𝑚, 𝑛 ∈ −1,0, +1 

Fig.4.2. Domain of Possible Voltage Vectors 

[Vα(k) Vβ(k)]

[Vα(k+1) Vβ(k+1)]

α

β

 Vα(k)

 Vβ(k)
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In this equation, adaptive search steps, ΔVα(k) and ΔVβ(k), are important factors in 

the definition of voltage vectors. The adaptive search steps are calculated by the difference 

between reference and measured current values as shown in (4.3). If the error between 

reference and actual values is too large, the search step increases to improve the dynamic 

performance. Also, if the error is small, the search step decreases to reduce the oscillation 

in the control. Therefore, the adaptive search step is suitable for the M2PC algorithm. 

                  [
𝛥𝑉𝛼(𝑘)
𝛥𝑉𝛽(𝑘)

] =
𝑁𝑉𝑑𝑐

𝐼𝑎𝑚𝑝(𝑘)
[
|𝑖𝛼

∗ (𝑘) − 𝑖𝛼(𝑘)|

|𝑖𝛽
∗(𝑘) − 𝑖𝛽(𝑘)|

]                    (4.3) 

where N is the number of power cells in each phase. Iamp(k) is the amplitudes of reference 

output currents in α and β axes. 𝑖𝛼
∗ (𝑘) and 𝑖𝛽

∗(𝑘) are reference output currents in the time 

instant k. 𝑖𝛼(𝑘) and 𝑖𝛽(𝑘) are measured output currents in the time instant k.  

Meanwhile, there is a maximum and a minimum in the adaptive search step. Under 

this circumstance, a saturation function is needed to limit the values of search steps. The 

function Sat(ΔV) is defined as (4.4): 

                   

max max

min max

min min

( )

( ) ( )

( )

V V V

Sat V V V V V

V V V

   


 =      
   

                  (4.4) 

where ΔVmax and ΔVmin are maximum and minimum of search steps, which are set to 

0.2NVdc and 0.05 NVdc.  

In the selection of predicted voltage vectors, they should be in the circle with radius 

of NVdc as shown in (4.5). Voltage vectors outside this circle are not discussed. The block 

diagram of voltage vector definition is as given. 
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                     𝑉𝛼
2(𝑘 + 1) + 𝑉𝛽

2(𝑘 + 1) ≤ (𝑁𝑉𝑑𝑐)
2                  (4.5) 

Therefore, the voltage vector set is defined, and the optimal voltage vector can be 

obtained with the cost function. 

Calculate the voltage search 

step ΔVα,β  by (4.3)

Calculate the voltage vector [Vα Vβ ] by 

(4.2) with m and n

Voltage Saturation with (4.4)

Vα
2(k+1)+ Vβ

2(k+1)  NVdc)
2?

Put the voltage vector in the set

Y

N

Start

End
 

Fig.4.3. Flow Chart of Voltage Vector Definition 

In the theory, the voltage vector in α-β coordinate in the time interval k+1 should be 

in the domain of that in the time interval k. Therefore, the set of voltage vectors are defined 

in the domain of [Vα(k) Vβ(k)]. Also, the search step is calculated by the difference between 

measured and predicted values, which can make the load currents reach reference values. 

In addition, a larger search range can have the fast dynamic response. However, it will 

increase the computation burden significantly. In my simulation, the nine voltage vectors 
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have the good performance and there is no need to increase the search range. Therefore, I 

define the nine voltage vectors and find the optimal voltage vector with the minimization 

of cost function. 

4.2.3 Cost Function Evaluation 

With the definition of search step and voltage vector set, the output currents can be 

predicted with (4.1). Similar to the cost function in Chapter 3, the cost function in α-β 

coordinate is expressed as (4.6): 

              𝐽(𝑘 + 1) = ||𝑖𝛼𝛽(𝑘 + 1) − 𝑖𝛼𝛽,𝑟𝑒𝑓(𝑘 + 1)||2                (4.6) 

where iαβ is the current vector [iα  iβ]
T and iαβ,ref is the reference values. 

The flow chart of output current prediction with cost function evaluation is shown in 

Fig.4.4. In the process, the prediction values with various voltage vectors are calculated 

and the minimum of the cost function can be found. With the minimum cost function, the 

corresponding load voltage vector can be obtained.  

With the calculation of optimal load voltage vector, the control signals can be 

provided with PWM scheme. The amplitude of modulation waveforms can be obtained in 

section.4.2.4.  
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Define the adaptive search step 

[ΔVα(k) ΔVβ(k)] by (4.3)

Start

Define the set of voltage vector 

[Vα(k+1) Vβ(k+1)] by (4.2) 

Predict the output currents      

[Vα(k+1) Vβ(k+1)] by (4.1)

Build the cost function J(k+1)

n<9?

n=0

Y

N

Minimize J(k+1) and find the optimal 

voltage vector [Vα,opt(k+1) Vβ,opt(k+1)]

End

 

Fig.4.4. Flow Chart of Current Prediction and Cost Function Minimization 

4.2.4 Phase-shifted Modulation Scheme 

In Section 4.2.3, the optimal voltage vector can be obtained with the minimization of 

the cost function. Under this circumstance, the modulation scheme can be applied to 

generate the control signals for power switches. In this condition, carrier phase-shifted 
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modulation is selected to realize the fixed switching frequency in the system. With the 

optimal voltage vector Vα,opt(k+1) and Vβ,opt(k+1), the three-phase optimal voltages are 

calculated with inverse Clark transformation as shown in (5.6). Then, the three-phase 

optimal voltages, Va,opt, Vb,opt , and Vc,opt, are normalized as (5.7) and compared with carrier 

waveforms to produce switching signals. 

                       [

𝑉𝐴,𝑜𝑝𝑡

𝑉𝐵,𝑜𝑝𝑡

𝑉𝐶,𝑜𝑝𝑡

] =

[
 
 
 

1 0

−
1

2

√3

2

−
1

2
−

√3

2 ]
 
 
 

[
𝑉𝛼,𝑜𝑝𝑡

𝑉𝛽,𝑜𝑝𝑡
]                (5.6) 

                             𝑚𝑥 =
𝑉𝑥,𝑜𝑝𝑡

𝑁𝑉𝑑𝑐
                          (5.7) 

where mx (x=A, B, and C) is the modulation reference for each phase. With the phase-

shifted modulation as explained in Chapter 2, the control signals can be generated. 

With the modulation scheme, the lower fixed switching frequency of the system is 

obtained. With the lower fixed switching frequency, the harmonic spectrum can be 

improved and the filter design in the system is more convenient. 

4.3 Simulation Studies 

The verifications of the proposed developed modulated model predictive control with 

RL and PMSM loads are conducted in the MATLAB/Simulink model. The DC voltage in 

the capacitor in each power cell is assumed to be fixed to a constant value.  

4.3.1 Simulation Studies with RL Load 
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For the simulation study with an RL load, the parameters of the model are as Table. 

3.1. The load side of the CHB is connected to RL load. With M2PC algorithm, three-phase 

currents can be controlled to desired values. 

The simulation studies include steady-state and dynamic performances. In the steady 

state of M2PC algorithm, the RMS value of load currents is set to 9Arms. The output 

currents and phase voltage are as shown in Fig.4.5. The switching frequency is fixed at 

900Hz, the sampling time is 0.05s, and the THD value of the load currents is 4.43%. 
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(b) Phase Voltage VAN 

Fig.4.5. Steady-state Simulation Results with M2PC Scheme and RL Load 

To verify the dynamic performance of the M2PC algorithm, the simulation results of 

amplitude and frequency changes are provided as shown in Fig.4.6 and Fig.4.7. In the 
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amplitude change, the RMS value of load currents increases from 6Arms to 9Arms at 

t=0.05s. In the frequency change, the operation frequency decreases from 60Hz to 10Hz at 

t=0.05s. From the simulation results, the provided M2PC algorithm has a fast response.  
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(b) Phase Voltage VAN 

Fig.4.6. Simulation Results with M2PC Scheme under Amplitude Change  
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(a)  Output Currents 
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(b)  Phase Voltage VAN 

Fig.4.7. Simulation Results with M2PC Scheme under Frequency Change  

Table.4.1 shows the comparison between conventional FCS-MPC and M2PC 

algorithms. To compare the THD values, the switching frequency are set to the same 

value. From the table, the THD of load currents is smaller in M2PC algorithm than that 

with FCS-MPC algorithm in low switching frequencies. 

Also, with the given M2PC algorithm, the number of calculated voltage vectors is 

reduced from 127 to 9. It means the computation burden for DSP is reduced. 
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TABLE 4.1 COMPARISON OF THD VALUES WITH FCS-MPC AND M2PC ALGORITHMS 

Switching Frequency fsw 

Average Frequency (for FCS-MPC) 

THD of FCS-MPC THD of M2PC 

600 5.99% 5.14% 

700 5.48% 4.86% 

800 5.10% 4.63% 

 

4.3.2 Simulation Studies with PMSM Load 

The parameters of PMSM control depend on Table.3.2. With the PMSM load, M2PC 

algorithm realizes the control of motor speed with fixed switching frequency.  

The simulation of M2PC algorithm includes steady-state and dynamic performance 

operations of the PMSM. In the first simulation, the motor speed is set to 800rpm and the 

load torque is 1000 N·m. Fig.4.8(a) shows waveforms of the output currents with PMSM 

load. Fig.4.8(b) and (c) show the electromagnetic torque Te and measured motor speed. 

From the simulation results, the proposed M2PC algorithm performs well under steady state. 

The THD value of output currents is 1.70%. 

 

 



 

M.A.Sc. Thesis – Yue Pan                     Electrical and Computer Engineering 

59 

 

O
u

tp
u

t 
C

u
rr

en
ts

(A
)

Time(s)
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

-150

-100

-50

0

50

100

150
IA

IB

IC

 
(a) Three-phase Motor Currents 

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

0
100
200
300
400
500
600
700
800

M
o
to

r 
S

p
ee

d
(r

p
m

)

Ωm,ref

Ωm

Time(s)
 

(b) Motor Speed Ωm 

0

2000

4000

6000

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time(s)

E
le

ct
ro

m
ag

n
et

ic
 T

o
rq

u
e(

N
·m

)

 
(c)  Electromagnetic Torque Te 

Fig.4.8. Steady-state Simulation Results with M2PC Algorithm and PMSM Load 
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For the dynamic performance evaluation of speed change, the motor speed increases 

from 600 to 750rpm at time t=0.1s. The simulation waveforms are given in Fig.4.9. The 

frequency of output currents is determined by mechanical speed from (3.16). In this case, 

the operation frequency increases from 30Hz to 37.5Hz. The proposed M2PC algorithm 

realizes the control of rotor speed. This simulation corresponds with frequency change. 

For another dynamic performance evaluation, the change in the load torque is applied 

while the speed kept at rated speed. The simulation waveforms are shown in Fig.4.10. In 

this case, the load torque is assumed to increase from 1000 to 1500 N·m and the desired 

speed is set to 600rpm. With the M2PC algorithm, the amplitude of output current increases 

from 34 to 48.5A and the speed is controlled to 600rpm. Also, the drop of motor speed is 

only 20rpm. The dynamic performance of load torque change is good with M2PC algorithm. 
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(c)  Electromagnetic Torque Te 

Fig.4.9. Simulation Results under Speed Change with M2PC Algorithm in PMSM.  
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(c) Electromagnetic Torque Te 

Fig.4.10. Simulation Results under Load Torque Change with M2PC Algorithm with  

PMSM 



 

M.A.Sc. Thesis – Yue Pan                     Electrical and Computer Engineering 

63 

 

In these two simulation studies, the M2PC algorithm can achieve a good dynamic 

performance with the phase-shifted modulation while the switching frequency is fixed at 

900Hz. 

From the simulation results, M2PC algorithm performs well in both RL and PMSM 

loads. 

4.4 Summary 

In this chapter, the principles of modulated model predictive control are reviewed. 

The control algorithm can be applied in the seven-level CHB inverter. In this algorithm, it 

introduces a new way to define the voltage vector set by calculating the adaptive search 

step with the error between the measured and reference currents. A cost function is used to 

obtain the optimal voltage vector. Finally, with the optimal voltage vector, control signals 

can be provided to control IGBTs in the H-bridges. The simulation results with RL load 

and PMSM are provided. 

With the new algorithm, it inherits the advantages of conventional MPC algorithm 

and has fixed switching frequency. Also, in this algorithm, only predictions with nine 

possible voltage vectors are analyzed and the number of current predictions is reduced from 

127. However, one concern of the M2PC algorithm is that the performance of it is based on 

the accuracy of the parameter and model, which is the drawback of all kinds of MPC 

algorithms. To reduce the dependency of the performance to model parameters, modulated 

model-free predictive control is analyzed in the next chapter.  
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Chapter 5 

 
Modulated Model-Free Predictive Control 

(M2FPC) for CHB Inverters 

5.1 Introduction 

Chapter 4 introduced modulated model predictive control; however, one major 

concern is that this algorithm relies on the accuracy of parameters and the model. The 

model is used for the prediction of load currents either as a RL load or PMSM load. In both 

cases, the model requires accurate value of parameters. It means that the error of parameters 

and model will make the load currents deviate from the reference values. Therefore, to 

reduce the negative effects of the parameter and model mismatch, model-free predictive 

control algorithm (MFPC) is introduced. In this algorithm, the model is built with measured 

values instead of given values and model. Therefore, the negative effects of parameter and 

model mismatches can be reduced. The load currents can be controlled normally without 

considering the error in the model and parameters. 

MFPC algorithm is based on the linear model and the prediction relies on observation 

values. Autoregressive with exogenous input (ARX) model is selected for the prediction 

of load currents and coefficients are calculated with measurement value by RLS algorithm. 

In the ARX model, the load currents in α-β coordinates relate to the current and voltage 

vectors determined in previous time intervals. 
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In this thesis, the modulated model-free predictive control (M2FPC) algorithm is 

studied. Based on M2PC algorithm, the discrete-time model of (4.1) is replaced with ARX 

model. The parameters and model do not need to be provided and the model is built with 

measured values by RLS algorithm. The performance of the proposed modulated model-

free predictive control method is compared with conventional MPC. The simulation results 

verify the better performance of M2FPC under parameter mismatch. 

Compared with the M2FPC algorithm proposed in the thesis, [51] introduces another 

M2FPC algorithm to predict the load currents with current differences with the application 

of SVM scheme. The currents differences are updated by the current differences and duty 

ratios in previous sampling times. [52] introduces the ultra-local model to replace the 

discrete-time electrical model of load currents. Algebraic parameter identification 

algorithm is applied to estimate the unknown parameters in the RL/PMSM system. [53] 

also proposes a MFPC algorithm to predict the currents by obtaining the current slope in 

every sampling time. In this algorithm, the number of voltage vectors can be reduced as 

well. Compared with other M2FPC algorithms, the proposed M2FPC algorithm utilizes the 

RLS algorithm to realize the current prediction as [27]. In addition, it also applies the M2PC 

algorithm to obtain a fixed switching frequency and reduce the computation burden. 

Section.5.2 analyzes the RLS algorithm and section.5.3 introduces the M2FPC 

algorithm with RL and PMSM loads. Section.5.4 shows the simulation results of M2FPC 

and validates its operation. Finally, the performances of M2PC and M2FPC algorithms will 

be compared with a parameter mismatch. 
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5.2 Recursive Least Square (RLS) Algorithm 

Least square mean(LMS) algorithm is a good parameter estimation method with 

small computation method. However, compared with LMS algorithm, RLS algorithm has 

faster convergence rates and better control performance[54]. Therefore, to have a better 

current control in the motor drive, RLS algorithm is applied for parameter estimation for 

ARX model. 

The linear least square(LS) problem is expressed as shown in the equation (5.1): 

                          𝑧(𝑖) = 𝐻(𝑖)𝑥 + 𝜔(𝑖)                        (5.1) 

the vector x, which is an unknown constant, is desired to be estimated with the 

observations by the minimization of cost function as (5.2)[55]: 

𝐽(𝑘) = ∑ 𝑅(𝑖)−1[𝑧(𝑖) − 𝐻(𝑖)𝑥]2𝑘
𝑖=1                   (5.2) 

 H(i) is the known vector for x. ω(i) is the measurement error in the model. In the 

cost function, the weighing factor, R(i)-1, is used for weighing the importance of each mean 

square error.                       

The equation(5.2) can be written in a compact form as (5.3): 

                  𝐽(𝑘) = [𝑧𝑘 − 𝐻𝑘𝑥]𝑇(𝑅𝑘)−1[𝑧𝑘 − 𝐻𝑘𝑥]                (5.3) 

where zk is measured vector as (5.4). Hk is the measured matrix as (5.5). Rk is the matrix of 

weighing factors as (5.6). 

                     𝑧𝑘 = [𝑧(1) 𝑧(2) … 𝑧(𝑘)]𝑇                   (5.4) 

                          𝐻𝑘 = [

𝐻(1)

𝐻(2)
…

𝐻(𝑘)

]                            (5.5) 
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                      𝑅𝑘 = [
𝑅(1) … 0

⋮ ⋱ ⋮
0 ⋯ 𝑅(𝑘)

]                       (5.6) 

In the LS estimation, the equation (5.3) should be minimized. To find the minimum, 

the gradient should be set to 0 with respect to x. The gradient is obtained by (5.7) and the 

optimal result of the equation is as (5.8) [55]: 

                 𝛻𝑥𝐽(𝑘) = −2(𝐻𝑘)𝑇(𝑅𝑘)−1[𝑧𝑘 − 𝐻𝑘𝑥] = 0                (5.7) 

               𝑥̂(𝑘) = [(𝐻𝑘)𝑇(𝑅𝑘)−1(𝐻𝑘)]−1(𝐻𝑘)𝑇(𝑅𝑘)−1𝑧𝑘              (5.8) 

With the matrix of Rk is positive definite, the Hessian of J(k) is positive definite with 

x as well. Therefore, the extremum of cost function with 𝑥̂(𝑘) is the minimum. For the 

discrete-time model, k is the sampling time. 

With the calculation of 𝑥̂(𝑘), the LS estimator is defined. Also, 𝑥̂(𝑘) is a random 

variable if the measurement errors ω(i) are random variables. In this thesis, it is assumed 

that ω(i) are uncorrelated and zero-mean random variables. The expectation of 𝑥̂(𝑘) is as 

(5.9). The covariance matrix of LS estimator P(k) is as (5.10). 

𝐸[𝑥̂(𝑘)] = [(𝐻𝑘)𝑇(𝑅𝑘)−1𝐻𝑘]−1(𝐻𝑘)𝑇(𝑅𝑘)−1𝐸(𝑧𝑘) 

                = [(𝐻𝑘)𝑇(𝑅𝑘)−1𝐻𝑘]−1(𝐻𝑘)𝑇(𝑅𝑘)−1𝐸[𝐻𝑘𝑥 + 𝜔𝑘]                  (5.9) 

𝑃[𝑥̂(𝑘)] = 𝐸[{𝑥̂(𝑘) − 𝐸[𝑥̂(𝑘)]}{𝑥̂(𝑘) − 𝐸[𝑥̂(𝑘)]}𝑇] 

                = 𝐸[{𝑥̂(𝑘) − 𝑥}{𝑥̂(𝑘) − 𝑥}𝑇] 

                = [(𝐻𝑘)𝑇(𝑅𝑘)−1𝐻𝑘]−1(𝐻𝑘)𝑇(𝑅𝑘)−1𝐸[𝜔𝑘(𝜔𝑘)𝑇](𝑅𝑘)−1𝐻𝑘[(𝐻𝑘)𝑇(𝑅𝑘)−1𝐻𝑘] 

= [(𝐻𝑘)𝑇(𝑅𝑘)−1𝐻𝑘]−1                                         (5.10) 
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In (5.8), the inverse matrix should be calculated and updated in each sampling time. 

The computation burden for inverse matrix is large. Also, to make the algorithm perform 

better in the DSP platform, a recursive form of LS estimator should be designed. Therefore, 

the recursive least square algorithm should be applied in the control. 

From (5.10), the covariance matrix in the sampling time k+1, P(k+1), can be rewritten 

as (5.11): 

          𝑃(𝑘 + 1) = [(𝐻𝑘+1)𝑇(𝑅𝑘+1)−1𝐻𝑘+1]−1 

 = ([(𝐻𝑘)𝑇 𝐻(𝑘 + 1)𝑇] [
𝑅𝑘 0
0 𝑅(𝑘 + 1)

] [
𝐻𝑘

𝐻(𝑘 + 1)
])−1 

= [(𝐻𝑘)𝑇(𝑅𝑘)−1𝐻𝑘 + 𝐻(𝑘 + 1)𝑇𝑅(𝑘 + 1)−1𝐻(𝑘 + 1)]−1 

= [𝑃(𝑘)−1 + 𝐻(𝑘 + 1)𝑇𝑅(𝑘 + 1)−1𝐻(𝑘 + 1)]−1               (5.11) 

Then, to find the relationship between P(k+1) and P(k), the Woodbury’s matrix 

identity can be used for equation (5.11), which is as (5.12)[56]: 

                       (𝐴 + 𝑢𝑣𝐻)−1 = 𝐴−1 −
𝐴−1𝑢𝑣𝐻𝐴−1

1+𝑣𝐻𝐴−1𝑢
                 (5.12) 

By applying (5.12) to (5.11), we set A=P(k), u=H(k+1)TR(k+1), and v=H(k+1)T. The 

covariance matrix P(k+1) in the sampling time k+1 will be transformed to (5.13). 

𝑃(𝑘 + 1) = 𝑃(𝑘) −
𝑃(𝑘)𝐻(𝑘 + 1)𝑇𝐻(𝑘 + 1)𝑃(𝑘)

𝐻(𝑘 + 1)𝑃(𝑘)𝐻(𝑘 + 1)𝑇 + 𝑅(𝑘 + 1)
 

= [𝐼 −
𝑃(𝑘)𝐻(𝑘+1)𝑇𝐻(𝑘+1)

𝐻(𝑘+1)𝑃(𝑘)𝐻(𝑘+1)𝑇+𝑅(𝑘+1)
] 𝑃(𝑘)                (5.13) 
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In (5.12), we define the variable of the gain matrix, G(k+1) as (5.14). With this 

equation, the covariance matrix can be written as (5.15). With (5.14) and (5.15), the LS 

estimation 𝑥̂(𝑘) can be written as (5.16). 

                 𝐺(𝑘 + 1) =
𝑃(𝑘)𝐻(𝑘+1)𝑇

𝐻(𝑘+1)𝑃(𝑘)𝐻(𝑘+1)𝑇+𝑅(𝑘+1)
                   (5.14) 

                  𝑃(𝑘 + 1) = [𝐼 − 𝐺(𝑘 + 1)𝐻(𝑘 + 1)]𝑃(𝑘)             (5.15) 

𝑥̂(𝑘 + 1) = 𝑃(𝑘 + 1)(𝐻𝑘+1)𝑇(𝑅𝑘+1)−1𝑧𝑘+1 

                  = 𝑃(𝑘 + 1)[(𝐻𝑘)𝑇 𝐻(𝑘 + 1)𝑇] [
𝑅𝑘 0
0 𝑅(𝑘 + 1)

]
−1

[
𝑧𝑘

𝑧(𝑘 + 1)
] 

                  = 𝑃(𝑘 + 1)(𝐻𝑘)𝑇(𝑅𝑘)−1𝑧𝑘 + 𝑃(𝑘 + 1)𝐻(𝑘 + 1)𝑇𝑅(𝑘 + 1)−1𝑧(𝑘 + 1) 

     = [𝐼 − 𝐺(𝑘 + 1)𝐻(𝑘 + 1)]𝑃(𝑘)(𝐻𝑘)(𝑅𝑘)−1𝑧𝑘 + 𝐺(𝑘 + 1)𝑧(𝑘 + 1 

           = 𝑥̂(𝑘) + 𝐺(𝑘 + 1)[𝑧(𝑘 + 1) − 𝐻(𝑘 + 1)𝑥̂(𝑘)]                 (5.16) 

With (5.14)-(5.16), the estimation of 𝑥̂(𝑘 + 1) can be obtained in a recursive form 

with the previous estimation 𝑥̂(𝑘). For the recursive least square algorithm, the gain matrix 

G(k+1) and P(k+1) should be calculated first. The RLS estimation is updated with the sum 

of previous estimation and the product of the estimation error and gain matrix. 

Therefore, with the RLS estimator, the load currents can be predicted without the 

electrical models. Therefore, the modulated model-free predictive control performs well 

with RLS algorithm. 

5.3 Modulated Model-free Predictive Control (M2FPC) 

Chapter 4 analyzes the M2PC algorithm. Based on M2PC algorithm, M2FPC 

algorithm applies RLS estimator to predict the load currents in the time instant k+1. With 
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the RLS algorithm, the electrical models of RL and PMSM loads can be replaced by ARX 

model. Then, the optimal voltage vector can be found using the discrete-time ARX model 

through the minimization of a cost function. The control signals are also generated by 

phase-shifting modulation. 

The electrical models of RL and PMSM loads are different. Therefore, the modulated 

model-free predictive control algorithms for the two algorithms are discussed separately: 

 

 5.3.1 Modulated Model-Free Predictive Control (M2FPC) with RL Load 

In the RL load, the model of load currents is assumed to be linear to simplify the 

algorithm. Under this circumstance, the ARX model of load currents in α-β coordinate with 

RL load is defined as (5.17) and (5.18):  

𝑖𝛼(𝑘 + 1) = 𝑎1
𝛼𝑖𝛼(𝑘) + 𝑎2

𝛼𝑖𝛼(𝑘 − 1) + ⋯+ 𝑎𝑚
𝛼 𝑖𝛼(𝑘 + 1 − 𝑚) 

+𝑏1
𝛼𝛼𝑢𝛼(𝑘 + 1) + ⋯+ 𝑏𝑛

𝛼𝛼𝑢𝛼(𝑘 + 2 − 𝑛) 

+𝑏1
𝛼𝛽

𝑢𝛽(𝑘 + 1) + ⋯+ 𝑏𝑛
𝛼𝛽

𝑢𝛽(𝑘 + 2 − 𝑛)              (5.17) 

𝑖𝛽(𝑘 + 1) = 𝑎1
𝛽
𝑖𝛽(𝑘) + 𝑎2

𝛽
𝑖𝛽(𝑘 − 1) + ⋯+ 𝑎𝑚

𝛽
𝑖𝛽(𝑘 + 1 − 𝑚) 

+𝑏1
𝛽𝛼

𝑢𝛼(𝑘 + 1) + ⋯+ 𝑏𝑛
𝛽𝛼

𝑢𝛼(𝑘 + 2 − 𝑛) 

+𝑏1
𝛽𝛽

𝑢𝛽(𝑘 + 1) + ⋯+ 𝑏𝑛
𝛽𝛽

𝑢𝛽(𝑘 + 2 − 𝑛)              (5.18) 

In these two equations, iα and iβ are measured load currents. uα and uβ are predicted 

voltages in α-β coordinate in M2PC algorithm with (4.2). m is the order of load currents 



 

M.A.Sc. Thesis – Yue Pan                     Electrical and Computer Engineering 

71 

 

and n is the order of predicted voltage vectors. The order of polynomial of output current 

is determined by m and n.  

From (5.17) and (5.18), the values of iα, iβ , uα and uβ are known parameters. The 

measured load currents and predicted voltage vectors are gathered in vectors φα and φβ. 

They are defined as (5.19) and (5.20): 

𝜑𝛼 = [𝑖𝛼(𝑘)     𝑖𝛼(𝑘 − 1)….  𝑖𝛼(𝑘 + 1 − 𝑚)     𝑢𝛼(𝑘 + 1) 

                … 𝑢𝛼(𝑘 + 2 − 𝑛) 𝑢𝛽(𝑘 + 1) … 𝑢𝛽(𝑘 + 2 − 𝑛)]𝑇     (5.19) 

         𝜑𝛽 = [𝑖𝛽(𝑘)      𝑖𝛽(𝑘 − 1)   …    𝑖𝛽(𝑘 + 1 − 𝑚)      𝑢𝛼(𝑘 + 1) 

                … 𝑢𝛼(𝑘 + 2 − 𝑛) 𝑢𝛽(𝑘 + 1) … 𝑢𝛽(𝑘 + 2 − 𝑛)]𝑇     (5.20) 

Similarly, the unknown coefficients of the known values in (5.17) and (5.18) to be 

identified and can be defined as the vectors θα and θβ respectively:  

𝜃𝛼 = [𝑎1
𝛼 𝑎2

𝛼 … 𝑎𝑚
𝛼 𝑏1

𝛼𝛼 … 𝑏𝑛
𝛼𝛼 𝑏1

𝛼𝛽 … 𝑏𝑛
𝛼𝛽]

𝑇
       (5.21) 

           𝜃𝛽 = [𝑎1
𝛽

𝑎2
𝛽

… 𝑎𝑚
𝛽

𝑏1
𝛽𝛼

… 𝑏𝑛
𝛽𝛼

𝑏1
𝛽𝛽 … 𝑏𝑛

𝛽𝛽]
𝑇
      (5.22) 

Therefore, the problem has been transformed to a LS problem. The key for the 

M2FPC algorithm is to calculate the unknown parameters. With the calculations of θα and 

θβ, the load currents can be estimated with load currents and predicted voltage vectors in 

previous sampling times.        

To determine the unknown vectors of θα and θβ, the RLS estimator should be applied. 

The weighing factor of each R is 1. The equations of (5.14) to (5.16) are transferred to the 

following equations:  
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𝐺(𝑘) =
𝑃(𝑘 − 1)𝜑(𝑘)

𝜑𝑇(𝑘)𝑃(𝑘 − 1)𝜑(𝑘) + 1
 

𝑃(𝑘) = (𝐼 − 𝐺(𝑘)𝜑𝑇(𝑘))𝑃(𝑘 − 1) 

𝜃(𝑘) = 𝜃(𝑘 − 1) + 𝐺(𝑘)𝑒(𝑘)                          (5.23) 

In these equations, k represents the variables updated in the sampling time k. Also, 

ex(k)(x=α and β) is the error between measured and estimated values of the load currents in 

the previous sampling time as shown in (5.24): 

                            𝑒𝑥(𝑘) = 𝑖𝑥(𝑘) − 𝜑𝑥
𝑇(𝑘 − 1)𝜃𝑥(𝑘 − 1)                     (5.24) 

Based on these equations, the load current in α-β coordinates can be predicted as 

(5.25) with ARX model (x=α and β). The mathematical model of (4.1) is replaced by (5.25): 

                          𝑖𝑥(𝑘 + 1) = 𝜑𝑥
𝑇(𝑘)𝜃𝑥(𝑘)                        (5.25) 

The block diagram of RLS algorithm is shown as Fig.5.1. With RLS estimator, the 

model is built in the M2PC algorithm. Then, the M2FPC algorithm with a RL load can be 

realized. 
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Fig.5.1. The Block Diagram of RLS Algorithm with RL Load  
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 5.3.2 Modulated Model-free Predictive Control with PMSM Load 

With the PMSM load, the ARX model is different. The output currents, id and iq, are 

coupling with each other from (3.14). For the current in another axis, the electrical speed 

ω is needed because it is not a constant. Therefore, the ARX model with PMSM load is as 

shown in (5.26) and (5.27):  

𝑖𝑑(𝑘 + 1) = 𝑎1
𝑑𝑑𝑖𝑑(𝑘) + 𝑎2

𝑑𝑑𝑖𝑑(𝑘 − 1) + ⋯+ 𝑎𝑝
𝑑𝑑𝑖𝑑(𝑘 + 1 − 𝑝) 

+𝑎1
𝑑𝑞𝜔𝑖𝑞(𝑘) + 𝑎2

𝑑𝑞𝜔𝑖𝑞(𝑘 − 1) + ⋯+ 𝑎𝑝
𝑑𝑞𝜔𝑖𝑞(𝑘 + 1 − 𝑝) 

+𝑏1
𝑑𝑑𝑣𝑑(𝑘 + 1) + ⋯+ 𝑏𝑠

𝑑𝑑𝑣𝑑(𝑘 + 2 − 𝑠) 

         +𝑏1
𝑑𝑞𝑣𝑞(𝑘 + 1) + ⋯+ 𝑏𝑠

𝑑𝑞𝑣𝑞(𝑘 + 2 − 𝑠)                       (5.26) 

𝑖𝑞(𝑘 + 1) = 𝑎1
𝑞𝑑𝜔𝑖𝑑(𝑘) + 𝑎2

𝑞𝑑𝜔𝑖𝑑(𝑘 − 1) + ⋯+ 𝑎𝑝
𝑞𝑑𝜔𝑖𝑑(𝑘 + 1 − 𝑝) 

+𝑎1
𝑞𝑞𝑖𝑞(𝑘) + 𝑎2

𝑞𝑞𝑖𝑞(𝑘 − 1) + ⋯+ 𝑎𝑝
𝑞𝑞𝑖𝑞(𝑘 + 1 − 𝑝) 

+𝑏1
𝑞𝑑𝑣𝑑(𝑘 + 1) + ⋯+ 𝑏𝑠

𝑞𝑑𝑣𝑑(𝑘 + 2 − 𝑠) 

+𝑏1
𝑞𝑞𝑣𝑞(𝑘 + 1) + ⋯+ 𝑏𝑠

𝑞𝑞𝑣𝑞(𝑘 + 2 − 𝑠) + 𝑐𝜔𝜔                   (5.27) 

For the prediction of id, it includes electrical speed, ω, because id has the term of Ψf ·ω 

from (3.14). In the two equations, p and s are the orders of current and voltage vectors 

respectively. 

Similar to the M2FPC algorithm with RL load, the measured load currents and 

voltages are gathered in vectors φd and φq. They are defined as (5.28) and (5.29): 

𝜑𝑑 = [𝑖𝑑(𝑘) 𝑖𝑑(𝑘 − 1) … 𝑖𝑑(𝑘 + 1 − 𝑝) 

𝜔𝑖𝑞(𝑘) 𝜔𝑖𝑞(𝑘 − 1) … 𝜔𝑖𝑞(𝑘 + 1 − 𝑝) 
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𝑣𝑑(𝑘 + 1) … 𝑣𝑑(𝑘 + 2 − 𝑠) 

           𝑣𝑞(𝑘 + 1) … 𝑣𝑞(𝑘 + 2 − 𝑠)]𝑇                       (5.28) 

𝜑𝑞 = [𝜔𝑖𝑑(𝑘) 𝜔𝑖𝑑(𝑘 − 1) … 𝜔𝑖𝑑(𝑘 + 1 − 𝑝) 

𝑖𝑞(𝑘) 𝑖𝑞(𝑘 − 1) … 𝑖𝑞(𝑘 + 1 − 𝑝) 

𝑣𝑑(𝑘 + 1) … 𝑣𝑑(𝑘 + 2 − 𝑠) 

𝑣𝑞(𝑘 + 1) … 𝑣𝑞(𝑘 + 2 − 𝑠) 𝜔]𝑇                     (5.29) 

In addition, the unknown coefficient in the (5.26) and (5.27) are defined as θd and θq.  

𝜃𝑑 = [𝑎1
𝑑𝑑 𝑎2

𝑑𝑑 … 𝑎𝑝
𝑑𝑑 𝑎1

𝑑𝑞 𝑎2
𝑑𝑞

… 𝑎𝑝
𝑑𝑞 

𝑏1
𝑑𝑑 … 𝑏𝑠

𝑑𝑑𝑏1
𝑑𝑞 … 𝑏𝑠

𝑑𝑞]𝑇                      (5.30) 

𝜃𝑞 = [𝑎1
𝑞𝑑 𝑎2

𝑞𝑑
… 𝑎𝑝

𝑞𝑑 𝑎1
𝑞𝑞 𝑎2

𝑞𝑞 … 𝑎𝑝
𝑞𝑞

 

𝑏1
𝑞𝑑 … 𝑏𝑠

𝑞𝑑𝑏1
𝑞𝑞 … 𝑏𝑠

𝑞𝑞 𝑐𝜔]𝑇                (5.31) 

Similar to RL load, the weighing factor of each R is 1. Then, the equations of (5.23) 

are used to update the vectors of θd and θq. In this case, the error between measured and 

estimated values of the current vector is defined as (5.32)(x=d and q). Therefore, the 

discrete-time mathematical model of PMSM load in (3.14) is replaced by (5.33).  

                         𝑒𝑥(𝑘) = 𝑖𝑥(𝑘) − 𝜑𝑥
𝑇(𝑘 − 1)𝜃𝑥(𝑘 − 1)                       (5.32) 

                             𝑖𝑥(𝑘 + 1) = 𝜑𝑥
𝑇(𝑘)𝜃𝑥(𝑘)                               (5.33) 

The block diagram for RLS algorithm with PMSM load is shown as Fig.5.2. With 

the RLS estimator, the prediction of load currents with PMSM is realized with the ARX 
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model similar to the case with RL load. The only difference is modify the load currents are 

replaces by id and iq. 

Saved in Database 

with (5.26) and 

(5.27)

( ) ( ( ) ( )) ( 1)Tk k k k= − −P I G P

( 1)k −P

( )kG

( )kθ

( 1) ( )
( )

( ) ( 1) ( ) 1T

k k
k

k k k

−
=

− +



 

P
G

P

( ) ( 1) ( ) ( )k k k e k= − +  G
( )k

( )kG

( ) ( ) ( 1) ( 1)

( ) ( ) ( 1) ( 1)

T

d d d d

T

q q q q

e k i k k k

e k i k k k

= − − −

= − − −

φ θ

φ θ

( 1) ( ) ( )

( 1) ( ) ( )

T

d d d

T

q q q

i k k k

i k k k

+ =

+ =

φ θ

φ θ

( )e k

dqi

dqv

 

Fig.5.2. The Block Diagram of RLS Algorithm with PMSM Load 

Therefore, with RLS algorithm, the discrete-time ARX model of load currents is 

obtained with measured values instead of given parameters and models. Therefore, the 

problem of parameter and model mismatch is solved, and the modulated model-free 

predictive control reduces the dependency of given parameters and models. In the next 

section, the simulation results of M2FPC algorithm are provided. 

5.4 Simulation Results 

In the section, simulation studies of M2FPC algorithm with RL and PMSM load are 

provided to validate the feasibility of M2FPC algorithm. The parameters of the load are as 

section 4.3. From the simulation results, the M2FPC algorithm performs well with RL and 

PMSM loads. Also, the comparison of M2PC and M2FPC algorithms with parameter 

mismatch is provided. The results show that if there is an error in the given parameter, the 
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amplitude of load currents with M2PC algorithm cannot reach the controlled value. 

However, with the M2FPC algorithm, the load currents can be controlled very well. 

5.4.1 Simulation Results of M2FPC Algorithm with RL Load 

In this part, the simulation results of M2FPC algorithm with RL load are provided. 

Similar to M2PC algorithm, the steady-state and dynamic performances of M2FPC 

algorithms are given to validates performances of this algorithm. Then, the comparison 

between M2PC and M2FPC algorithms is given to verify the advantages of M2FPC 

algorithm with parameter mismatch. 

With the steady-state performance, the RMS value of load currents is set to 8A. The 

waveforms of load currents and phase voltage are shown as Fig.5.3. From the simulation 

results, M2FPC algorithm performs well under steady-state performance. The THD value 

of load currents is 5.12% while the switching frequency is 900Hz. 
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(b) Phase Voltage VAN 

Fig.5.3. The Waveforms of M2FPC Algorithm in Steady-State and RL Load 

Also, the dynamic performances of M2FPC algorithms are provided as shown in 

Fig.5.4 and Fig.5.5. Fig.5.4 shows the performance of amplitude change from 6A to 8A at 

t=0.1s. Fig.5.5 shows the performance of frequency change decreasing from 60Hz to 10Hz 

at t=0.1s. From the simulation results, M2FPC algorithm demonstrates a good dynamic 

performance. 
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(b) Phase Voltage VAN 

Fig.5.4 The Waveforms of M2FPC Algorithm under Amplitude Change with RL Load 
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(b)  Phase Voltage VAN 

Fig.5.5. The Waveforms of M2FPC Algorithm under Frequency Change with RL Load  

Finally, the comparison between M2PC and M2FPC algorithms is provided as Fig.5.6 

with parameter mismatch. The RMS value of load currents is set to 8A. In the simulation, 

the parameters of load resistance and inductance in the controller are subject to (5.34).  

𝑅𝑜

^

= 0.3𝑅𝑜 

𝐿𝑜

^

= 0.3𝐿𝑜                           (5.34) 
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From the waveforms of load currents, the amplitude of load currents deviates from 

the reference value with M2PC algorithm. However, with the M2FPC algorithm, the load 

currents are controlled at the desired values. 
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Fig.5.6. Waveforms of Output Currents with M2PC and M2FPC Algorithms with       

Parameter Mismatch 

In the simulation, the M2FPC algorithm realizes the control of output currents with 

RL load. The M2FPC algorithm has a better performance if there is a parameter mismatch 

between the controller and the load. 

5.4.2 Simulation Results of M2FPC Algorithm with PMSM Load 

In this section, the simulation results of M2FPC algorithm with PMSM are provided. 

The simulation parameters are as stated in Table.3.2. The load currents, motor speed, and 

electromagnetic torque of M2FPC algorithm under state-state performance are shown as 

Fig.5.7. The motor speed is 800rpm and the load torque is 1000N·m. As can be seen from 

the simulation results, the M2FPC algorithm performs well under steady-state performance. 

The THD value of load currents is 2.53%. 

M2PC Algorithm 

Algorithm 

M2FPC Algorithm 
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(a) Three-phase Currents 
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Fig.5.7 Steady-state Simulation Results with M2FPC Algorithm and PMSM Load 
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Also, dynamic performance of the M2FPC algorithm was studied. Fig.5.8 shows the 

performance of M2FPC algorithm under the speed change from 600 to 750rpm at t=0.1s. 

In this case, the operation frequency increases from 30 to 37.5Hz.  
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(c) Electromagnetic Torque Te 

 

Fig.5.8. Simulation Results with M2FPC Algorithm under Speed Change  
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Fig.5.9 shows the performance of M2FPC algorithm under the change of load torque 

increasing from 1000 to 1500N·m at t=0.1s. The motor speed is set to be 600rpm. The drop 

of motor speed is small and can return to the desired value. The amplitude of load currents 

increases from 30 to 44.5 A. It can be seen that the speed can be maintained at the reference 

speed while the torque is changing. 
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(c) Electromagnetic Torque Te 

Fig.5.9. Simulation Results with M2FPC Algorithm under Speed Change 

 

The two dynamic performances verify the feasibility of M2FPC algorithms with 

PMSM load. It means the ARX model of PMSM load can be built by RLS algorithm. 

Fig.5.10 shows the comparison between the M2PC and M2FPC algorithms under 

parameter mismatch. In this case, the value of stator inductance in the controller Ls-con is 

assumed to be 1% of the value in the hardware setup as (5.35). Also, the motor speed needs 

to be controlled to 600rpm. From the simulation results, the motor speed can be controlled 

to the desired value with M2FPC algorithm. In addition, with the M2PC algorithm, the 

motor speed cannot be controlled to 600rpm if there is a parameter mismatch in the system 

because of false prediction.  

                           𝐿𝑠−𝑐𝑜𝑛 = 0.01𝐿𝑠                          (5.35) 

Therefore, the performance of M2PC algorithm relies on the accuracy of given 

parameters and model. M2FPC algorithm reduces the dependence on the given parameters 
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compared with M2PC algorithm. It performs well even if there is a parameter mismatch 

between the controller and the hardware system. 
O

u
tp

u
t 

C
u

rr
en

ts
(A

)

Time(s)
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

-150

-100

-50

0

50

100

150

0.18 0.2

IA

IB

IC

 

(a) Three-phase Currents 

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

0

100

200

300

400

500

600

M
o
to

r 
S

p
ee

d
(r

p
m

)

Time(s)

Ωm,ref

Ωm

 

(b) Motor Speed Ωm 

Fig.5.10. Comparison of M2PC and M2FPC Algorithms with Parameter Mismatch 

 

5.5 Summary 

In this chapter, M2FPC algorithm with ARX model is studied. From the simulation 

results, M2FPC algorithm performs well in the CHB inverter with RL and PMSM loads. 

M2FPC Algorithm M2PC Algorithm 

M2FPC Algorithm M2PC Algorithm 
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The M2FPC algorithm realizes the goal of building the ARX model for the load current 

prediction with RLS algorithm. With the RLS estimator, the discrete-time model is built 

with measured values instead of given parameters and physical model. From simulation 

results, the M2FPC does not rely on the given parameters and model, which reduces the 

negative effects of parameter mismatch. Experimental results are provided in Chapter 7 to 

validate the feasibility of the developed M2FPC algorithm. 
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Chapter 6 

Fault Detection and Localization (FDL) in CHB 

Inverters 

6.1. Introduction 

In this chapter, a new algorithm for fault detection and localization is developed. One 

advantage of CHB topology is that it is suitable for fault-tolerant control by isolating the 

faulty power cell. If there is a fault in one power cell, the CHB inverter will be shut down. 

Then, the faulty power cell will be bypassed and isolated from the CHB inverter [57]. 

Finally, the fault-tolerant control algorithm is applied to make the CHB inverter provide 

the balanced output voltage with the fault in the system. 

From Fig.1.5, the fault-tolerant control algorithm is based on the determination of 

the position of faulty power cells. Under this circumstance, an algorithm to detect and 

localize the fault is necessary which provides fault information to the CHB inverter for 

fault-tolerant control operation. A fault detection algorithm is to detect the fault and shut 

down the CHB inverter. To determine whether there is a fault in the power cells, the 

expected and actual voltage values should be compared. Also, fault localization algorithm 

provides the fault information to isolate the faulty power cell by checking the switching 

signals, current direction, and voltage deviation. 
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In this chapter, the open circuit (OC) scenarios in the CHB inverter will be discussed. 

Then, the principles of open-fault detection and localization will be analyzed. With the 

fault detection algorithm, the OC fault will be detected with the comparison between 

reference and actual values. Then, based on OC fault detection, the open fault can be 

localized with the switching states and the value of voltage deviation.  

[29] analyze a FDL algorithm for CHB STATCOM using model predictive control. 

However, it requires sensors to detect the conduction of each power switch for fault 

localization, which increases the number of current sensors in the system. Also, it cannot 

detect all OC scenarios. [58] introduces a FDL algorithm in the CHB motor drive by 

calculating the DC value and the first harmonic in the load currents. However, the 

algorithm cannot be applied in MPC algorithm because the current distortion with MPC 

algorithm is small if only one switch is open in one phase. Also, the delay time between 

fault triggered and fault detection is large. Finally, the calculation of DC value and the first 

harmonic in load current is too complex in the system and difficult to realize. [59] also 

proposes a new FDL algorithm. However, the fault location needs to find the possible open 

switches and isolate all impossible OC fault locations. The algorithm is too complex for 

the operation of DSP and cannot provide the OC location directly as the proposed FDL 

algorithm in this thesis. 

In this chapter, the simulation results are given to verify the feasibility of the 

proposed FDL algorithm. In the proposed FDL algorithm, the measured values are as 

Fig.6.1. The simulation shows a good performance based on MATLAB/Simulink model.  
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Fig.6.1 Measured Values for FDL Algorithm 

In industrial application, the line-to-line voltages are measured instead of phase 

voltages. Under this circumstance, the common mode voltage VNn can be measured. With 

the line-to-line voltages and common-mode voltages, the phase voltages can be calculated 

and the proposed FDL algorithm can be applied in the CHB inverter. 

6.2. Open Switch Fault in The H-Bridge Cell 

The H-bridge inverter is shown as Fig.6.2. In this part, the healthy and open-fault 

conditions in power cells should be discussed and compared. For the H-bridge, the output 

voltage is subject to VoH =Vdc (Sc1-Sc3). This value is the expected value VoH-exp. When an 

open fault happens in H-bridge, the output voltage will be impacted and deviated from the 

expected value Vexp in some cases because the current will not flow through the open switch. 

The voltage deviation ΔVoH is defined by: 

                         𝛥𝑉𝑜𝐻 = 𝑉𝑜 − 𝑉𝑜𝐻−𝑒𝑥𝑝                      (6.1) 
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Vdc

 

Fig.6.2 Structure of A Single-phase H-Bridge Inverter 

In addition, in some cases, there is no deviation in the output voltage because of the 

current direction. Therefore, the method to detect the open fault is to find the voltage 

deviation between expected and measured output voltage. 

Fig.6.3 shows the current flow comparison between healthy situation and open switch 

S1 with positive output currents. The switching signals for S1 and S3, [Sc1 Sc3], are assumed 

to be [1 0]. Signal 1 means the power switch is turned on and 0 means the power switch is 

turned off. In the healthy state, the current flows through S1 because in this case, S1 is turned 

on. The expected output voltage is Vd. However, if there is an OC fault in S1, the current 

will be blocked and flow through the diode in S1. Therefore, with the conduction of S2, the 

actual output voltage is 0. With equation (6.1), the voltage deviation is Vd. With the voltage 

deviation, the faulty H-bridge can be found. 
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(a) All switches are healthy                        (b) S1 Is Open 

Fig.6.3. Comparison of Healthy and Unhealthy Situations with [Sc1 Sc3] = [1 0] and Positive 

Current 

However, there is no voltage deviation in some cases. Assuming the control signals 

[Sc1 Sc3] is [1 1] and S3 is open, the output voltage will not deviate from the expected value 

with positive current. Therefore, if the phase voltage does not deviate from expected value 

in one sampling time, the state is defined as unbiased state. Otherwise, when the phase 

voltage deviates from expected value, the state is biased. 
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0
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0

 

(a) All switches are Healthy                    (b) S3 Is Open 

Fig.6.4. Comparison of Healthy and Unhealthy Situations with [Sc1 Sc3]=[1 1] and Positive 

Current  
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The effects of open fault in each switch are shown in Table.6.1[59]. It shows the 

output voltage deviation in single-phase H-bridge topology with positive and negative 

currents under different OC scenarios. With the control signals, current direction, and 

voltage deviations, the OC fault can be detected.  

TABLE 6.1 OUTPUT VOLTAGE DEVIATIONS UNDER VARIOUS OPEN-CIRCUIT FAULT CONDITIONS 

IN EACH POWER CELL 

Fault Location Current Direction 
Control Signals [Sc1 Sc3] 

[0 0] [0 1] [1 0] [1 1] 

S1 
i > 0 0 0 Vdc Vdc 

i < 0 0 0 0 0 

S2 
i > 0 0 0 0 0 

i < 0 - Vdc - Vdc 0 0 

S3 
i > 0 0 0 0 0 

i < 0 0 - Vdc 0 - Vdc 

S4 
i > 0 Vdc 0 Vdc 0 

i < 0 0 0 0 0 

From Table 6.1, if S1 and S4 are open, the output voltage will deviate from the 

expected value only when the current is positive. In addition, if S2 and S3 are open, the 

voltage deviation can be detected only when the current is negative. Therefore, to observe 

the open fault in the single-phase H-bridge inverter, the switches are categorized into two 

groups, [S1 S4] and [S2 S3]. The output voltage for H-bridge is sinusoidal, it means all OC 

fault cases can be determined during positive and negative cycles. 

In a single phase CHB inverter, there are three power cells and voltage deviation for 

each phase is the summation of voltage deviation in each H-bridge as shown in (6.2): 

𝛥𝑉𝑥𝑁 = 𝛥𝑉𝑜𝐻1 + 𝛥𝑉𝑜𝐻2 + 𝛥𝑉𝑜𝐻3(𝑥 = 𝐴, 𝐵, 𝐶)           (6.2) 
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From Table.6.1, if the current is positive, voltage deviations in all H-bridge inverters 

are positive or 0 in all fault cases. Also, voltage deviations in power cells are negative or 0 

in all OC fault scenarios with negative output currents. It means the direction of voltage 

deviations in all power cells are the same (All positive or negative). From equation (6.2), 

the voltage deviation in phase voltage will be positive under positive load currents or be 

negative under negative load currents. 

The next section analyzes the principle of fault detection and localization by the 

voltage deviation, current direction, and switching signals. 

6.3. Fault Detection Scheme 

From section.6.2, it can be concluded that to detect the open fault switch, the load 

current should flow through the healthy switch and the phase voltage VxN (x=A, B, and C) 

will deviate from the desired value. From Table.6.1, the voltage deviation is positive when 

S1 and S4 are open in one power cell under positive load current. Also, the voltage deviation 

is negative with a negative output current if S2 and S3 are open. Although in some cases 

there is no voltage deviation because the current flows through the diode of the faulty 

switch, the voltage deviation in the phase voltage VxN must happen if OC fault appears in 

the system with the control of the CHB motor drive. In Fig.6.5(a), it can be found that when 

an open switch fault happens in S11 at t=0.05s, the maximum voltage in the positive cycle 

cannot reach 3Vdc. It means the voltage deviation happens in the waveforms of output 

voltages with OC fault in the power switches although there are some unbiased states in 

the control. 
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(a)  OC Fault Signal 
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(b)  Phase Voltage VAN 

-15

-10

-5

0

5

10

15

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Time(s)

L
o
a
d

 C
u

rr
en

t 
IA

(A
)

Current Distortion

 
(c) Phase Current IA 

Fig.6.5. Waveform of Phase Voltage and Output Current with an Open Fault in S11  
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In addition, the distortion of phase voltage leads to the output current distortion. From 

Fig.6.4(c), with an open fault appearing in S11, the output current will distort from the 

reference value at t=0.05. However, the current distortion with M2PC algorithm is small. 

Therefore, the method to detect and localize the open switches is by measuring the phase 

voltages. 

Therefore, to detect the OC fault, only voltage deviation should be measured. The 

measured voltage deviation should be compared with the threshold value εV. For the healthy 

state, the voltage deviation ΔVxN should be zero theoretically. If the absolute value of 

voltage deviation is smaller than the threshold value as (6.1), it means there is no open fault 

in the system. Otherwise, the signal for fault detection is triggered. 

                           𝛥𝑉𝑥𝑁 = 𝑉𝑥𝑁 − 𝑉𝑥𝑁−𝑒𝑥𝑝                      (6.1) 

where VxN-exp and VxN are desired and measured phase voltage values. The value of VxN-exp 

is calculated by (2.4). The threshold value in this simulation is set to 0.2Vdc to allow for the 

measurement noise. The flow chart of the proposed fault detection algorithm is as Fig.6.6. 

Measure Phase 

Voltage VxN

Calculate the Expected 

Phase Voltage VxN-exp 

with (2.4)

Calculate the Voltage 

Deviation ΔVxN

|ΔVxN|<εV ? 

VxN

VxN-exp

ΔVxN

There is an 

open fault

There is no 

open fault

YN

 
Fig.6.6 Flow Chart of Fault Detection Algorithm 
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With the fault detection algorithm, the OC fault in the CHB converter can be detected. 

Then, another important part is to localize the open fault in the CHB topology and isolate 

it for fault-tolerant control. In the next section, the algorithm for fault localization in CHB 

motor drive will be introduced. 

6.4.  Fault Localization Scheme 

In the fault-tolerant control, the faulty power cell should be isolated. In this situation, 

there is a need to localize the open switch and affected power cell. Hence, to find the fault 

location, a fault localization matrix variable for the CHB inverter should be defined as 

Fx(x=A,B, and C) which in this case considered three power cell in each phase: 

                         𝐹𝑥 = (

𝑓11 𝑓12 𝑓13 𝑓14

𝑓21 𝑓22 𝑓23 𝑓24

𝑓31 𝑓32 𝑓33 𝑓34

)                     (6.4) 

This matrix represents the open situations of power switches in each phase and fij 

relates to the open situation in each IGBT. fij represents the fault localization variable for 

jth switch in the ith power cell. In the definition, if fij is 0, it means the power switch is 

healthy. Otherwise, there is an open fault in the corresponding switch if fij is 1. 

According to Table.6.1, the voltage deviation with various switching signals under 

different fault scenarios. If S1 or S4 is open, the phase voltage deviates from reference value 

under positive currents. Also, the phase voltage deviates from reference value under 

negative currents when S2 or S3 is open. Therefore, fault localization for [S1 S4] and [S2 S3] 

should be analyzed separately. The switches can be grouped into two sets, SG1 and SG2:  

𝑆𝐺1 = 𝑆11, 𝑆14, 𝑆21, 𝑆24, 𝑆31, 𝑆34 
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𝑆𝐺2 = 𝑆12, 𝑆13, 𝑆22, 𝑆23, 𝑆32, 𝑆33                   (6.5) 

Section 6.4.1 introduces the fault switch identification with some fault cases by 

measuring the unbiased states. However, some special fault situations cannot be localized 

with the given fault localization algorithm. Therefore, another method which injects a 

control signal is introduced in Section 6.4.2. 

6.4.1 Fault Switch Identification 

The proposed fault localization works when the fault switch is detected. To localize 

the open faults, the control signals should be measured. The set of control signals is defined 

as Sc. Scij represents the control signal for jth switch in ith cell. 

                𝑆𝑐 = [𝑆𝑐11 𝑆𝑐13 𝑆𝑐21 𝑆𝑐23 𝑆𝑐31 𝑆𝑐33]              (6.6) 

Considering the situation that only phase voltage can be measured, it is impossible 

to localize the open switch when the phase voltage is detected to deviate from expected 

value. The reason is that it is difficult to distinguish which power cell generates the voltage 

deviation when only the sum of output voltage in all power cells is available. For instance, 

we assume a case that the voltage deviation is Vdc with positive current and Sc=[1 1 1 1 1 

1]. In this case, there are three possibilities depending on Table.6.1: (1) S11 is open (2) S21 

is open (3) S31 is open. However, it is impossible to know which power cell has the voltage 

deviation because only the phase voltage is measured. Therefore, we cannot exclude the 

healthy power cell and localize open switch with biased state. For this reason, the unbiased 

state is important for fault localization. In this state, there is no voltage deviation even if 

the OC fault is detected. Assuming that S1 or S4 in a power cell is open, there is voltage 

deviation in the output voltage with [Sc1 Sc3] =[1 0] depending on Table.6.1. If there is no 
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voltage deviation, it means that the power cell is healthy. Therefore, the method is to use 

some special switching signals to exclude the healthy power cells and localize the OC fault. 

For instance, the output phase voltage is unbiased with the control signals Sc=[0 0 1 0 1 0] 

with the positive load current. In this case, the control signals for the second and third 

power cells are [1 0]. The two power cells are healthy because there is no voltage deviation. 

For the first power cell, voltage deviation should be measured if S14 is open from Table.6.1. 

Therefore, the open switch, S11 is localized with this method. 

To localize the open fault, the first step is to detect the voltage deviation in one 

sampling time. The current direction is an important component for fault localization. 

Positive current is to localize open fault in S1 or S4 and negative current is to localize open 

fault in S2 or S3. Also, some special control signals for power switches should be observed 

and they are defined as judging control signals, Scj. Then, the healthy power cells are 

excluded and the OC switch So is localized with the corresponding control signals Scj and 

unbiased phase voltage. With the corresponding judging control signals Scj and unbiased 

state in one sampling time, the OC switch can be determined. The flow chart of the 

proposed fault localization algorithm is as Fig.6.7. The relationship between So and Scj with 

positive load current is shown in Table 6.2.  
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Fig.6.7. The Flow Chart of Fault Localization under Common OC Situations 

TABLE 6.2 RELATIONSHIP BETWEEN FAULT LOCATION AND JUDGING CONTROL SIGNALS 

(POSITIVE CURRENT) 

So Scj So Scj 

S11 [0 0 1 0 1 0] S11,S24 [0 0 1 1 1 0] 

S14 [1 1 1 0 1 0] S14,S21 [1 1 0 0 1 0] 

S21 [1 0 0 0 1 0] S11,S34 [0 0 1 0 1 1] 

S24 [1 0 1 1 1 0] S14,S31 [1 1 1 0 0 0] 

S31 [1 0 1 0 0 0] S21,S34 [1 0 0 0 1 1] 

S34 [1 0 1 0 1 1] S24,S31 [1 0 1 1 0 0] 

 

With the proposed fault localization algorithm, OC switches can be localized under 

the OC scenarios in Table.6.2. In all common open cases, the judging control signals to 

provide the unbiased state to exclude healthy power cells can be generated with phase-

shifted modulation. For instance, if S11 is open, the judging control signal [0 0 1 0 1 0] will 

provide the unbiased state and exclude the second and third healthy power cells. The 

common cases includes two situations: (1) only one power switch is open (such as S11 is 

open) (2) the power switches in different positions of different power cells are open(such 

as S11 are S24 open). 
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However, there are some special open cases that cannot be determined because there 

is no unbiased state in these cases. Therefore, the fault localization algorithm should be 

improved to determine the special OC cases. 

6.4.2 Fault Localization under Special Open Switch Scenarios 

In the former section, the fault localization algorithm under common cases is 

discussed. However, in two OC fault situations, the given fault localization algorithm does 

not work because there is no unbiased state in the two special cases. The two situations are 

as given. Therefore, the improvement aimed at the special cases is introduced and the fault 

localization algorithm is updated.  

Case 1: Two switches in the same set in one power cell are open (such as S11 and S14 

are open). 

Case 2: Switches in the same position of different power cells are open (such as S11 

and S21 are open). 

In the first case, the output voltage in the power cell will deviate from expected value 

in all switching signals with positive current. Therefore, there is no unbiased state if the 

two power switches, S11 and S14, are open simultaneously. For the second Case, the judging 

control signal, Scj, to localize S11 and S21 is [0 0 0 0 1 0]. The judging signal does not exist 

with phase-shifting modulation in M2PC algorithm. 

One method to solve this problem in the thesis is to inject some control signals for 

power switches. The injected control signals can provide the unbiased states to verify the 

two special cases. Before the injection of the control signals, the first step is to verify the 

existence of the two faulty cases. In the first Case, the output voltage of one power cell 
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deviates from expected value with the input control signal [0 0], [1 0], and [1 1] according 

to Table.6.1. In the second Case, with two power switches open, the possibility of voltage 

deviation is high. Therefore, the thesis assumes that if the voltage deviation is measured in 

consecutive sampling times, the two Cases are likely to appear. Then, the control signals 

to provide the desired states can be injected in the next several time intervals. The two 

requirements for injecting control signals are: (1) detect the open fault (2) find the voltage 

deviation in some consecutive sampling times. 

The desired control signals should be injected in sequence. With each set of control 

signals, if the corresponding voltage deviation is measured, open switches can be localized 

in the two cases. For the first Case, if the desired voltage deviation is measured with the 

corresponding injected control signals, the open switches can be localized. For the second 

Case, if the unbiased state is measured with the injected control signals, the open switches 

can be determined as section 6.4.1. The flow charts of fault localization algorithm under 

the two Cases with positive load current are as Fig.6.8. 
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(a) Case 1                            (b) Case 2 

Fig.6.8. The Flow Chart of Fault Localization Algorithms 

where Sin is the injected control signals in one phase. So is the open switch. ΔVxNj is the 

judging voltage deviation values with Sin in Case 1. The relationship of So, Sin and ΔVxNj for 

the first Case under the positive current are shown in Table.6.3. The relationship of So, Sin 

for the second Case under the positive current are in Table.6.4. 

 

TABLE 6.3 RELATIONSHIP OF FAULT LOCATION, INJECTED CONTROL SIGNALS AND JUDGING 

VOLTAGE DEVIATION IN SITUATUION 1 (POSITIVE CURRENT)  

So Sin ΔVxNj 

S11,S14 [1 0 0 1 0 1] 2Vdc 

S21,S24 [0 1 1 0 0 1] 2Vdc 

S31,S34 [0 1 0 1 1 0] 2Vdc 
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TABLE 6.4 RELATIONSHIP OF FAULT LOCATION AND INJECTED CONTROL SIGNALS IN 

SITUATUION 2 (POSITIVE CURRENT) 

So Sin So Sin 

S11,S21 [0 0 0 0 1 0] S14,S34 [1 1 1 0 1 1] 

S14,S24 [1 1 1 1 1 0] S21,S31 [1 0 0 0 0 0] 

S11,S31 [0 0 1 0 0 0] S24,S34 [1 0 1 1 1 1] 

 

For instance, if S11 and S14 are open, with the injected control signal Sc=[1 0 0 1 0 1] 

under positive current, the phase voltage deviation will be 2Vdc. The voltage deviation with 

only S11 or S14 open is Vdc. If the judging voltage deviation is detected, the open switches, 

S11 and S14, can be verified. For the second Case, Also, if S11 and S21 are open, the desired 

judging control signal is [0 0 0 0 1 0]. With the injection of this control signal, the open 

switches, S11 and S21, can be determined with an unbiased state as section.6.3.1. 

With the injection of judging signals, the two special fault scenarios can be verified. 

Therefore, open switches can be detected and localized with the improved FDL algorithm 

in all cases. The simulation results of FDL algorithm are as Section.6.4. 

6.5.  Simulation Studies of FDL Algorithm 

To validate the FDL algorithm based on M2PC algorithm, a seven-level CHB inverter 

topology is built in MATLAB/Simulink. The simulation results of M2PC algorithm is 

provided in Chapter 4. Based on M2PC algorithm, the simulation of the proposed FDL 

algorithm is given in this section. Several different OC fault scenarios are simulated by 

disabling the control signals. Also, the RMS value of load currents is set to 9A and RL load 

is used in the simulation studies. 
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In section.6.5.1, the simulation results of FDL algorithm based on common cases are 

provided. The two common cases are simulated in section.6.4.1：(1) S11 is open (2) S11 and 

S24 are open. The performance of FDL algorithm under special cases is provided in 

section.6.5.2. The simulation includes two cases: (1) S11 and S14 are open (2) S11 and S21 

are open. In all simulations, the OC fault is detected in the system when the fault detection 

signal turns to 1.  

6.5.1 FDL Algorithm under Common Cases 

From Table.6.2, the relationship of open switches and judging signals under common 

cases is discussed. The first step is to detect the OC fault in the system by comparing the 

measured and desired phase voltages. In all common cases of open fault, if the unbiased 

state is measured with the corresponding judging signals, the open switch can be localized 

with Table.6.2. In this part, simulation results validate the feasibility of the proposed FDL 

algorithm under common cases.  

In the first case, the switch, S11, is assumed to be open at t=0.05s. The figures of load 

currents, fault detection signal, and fault localization signals are provided in Fig. 6.9. From 

this figure, the fault detection and localization signals are triggered in a short time with 

only S11 open. From the simulation, f11 turns to 1 which means the OC fault is detected and 

localized in S11 with the measured unbiased state. 

In the second case, the switches, S11 and S24, are assumed to be turned off at t=0.05s. 

The figures of load currents, fault detection signal, and fault localization signals are 

provided as Fig. 6.10. In the simulation, the fault signals of f11 and f24 turn to 1 and it means 

the OC faults are detected and localized in S11 and S24 with the unbiased state. 
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Fig.6.9. Simulation Results of FDL Algorithm with S11 open 

0

1

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

0

1

0

1

0

1

F
au

lt
 T

ri
g
g
er

F
au

lt
 D

et
e
ct

io
n

f1
1

f2
4

Time(s)

-15
-10
-5
0
5

10
15

0

1

f14, f21, f31, f34

O
u
tp

u
t 

C
u
rr

en
t(

A
)

 

Fig.6.10. Simulation Results of FDL Algorithm with S11 and S24 open 



 

M.A.Sc. Thesis – Yue Pan                     Electrical and Computer Engineering 

106 

 

From the simulation results, the FDL algorithm performs well under the two common 

cases. The OC fault can be detected with the measured phase voltage deviation and 

localized with the unbiased state and corresponding switching signals. Therefore, the FDL 

algorithm works in all other common cases. With Table.6.2, the FDL algorithm can detect 

the OC fault in the system and localize the OC switches. 

6.5.2 FDL Algorithm under Special Cases 

In this section, the special OC cases will be discussed. Because there is no unbiased 

state in these cases, some control signals should be injected to generate the state in need to 

localize the OC switches.  

In the simulation, there are two special cases. Fig.6.11 shows the simulation result 

with S11 and S14 are open. The injected control signal for the phase is [1 0 0 1 0 1] and the 

judging voltage deviation ΔVxNj is 2Vdc. The open faults are detected and localized in S11 

and S14. 

In addition, Fig. 6.12 shows the simulation results with S11 and S21 are open. The 

injected judging switching signal is [0 0 0 0 1 0]. With this judging switching signal, if the 

unbiased state is measured, it means S11 and S21 are open. Therefore, open faults in the 

system are detected and localized in these cases. 
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Fig.6.11. Simulation Results of FDL Algorithm with S11 and S14 open 
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Fig.6.12. Simulation Results of FDL Algorithm with S11 and S21 open 
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From the two cases, the improved FDL algorithm performs well with the injection of 

judging control signals. Therefore, the FDL algorithm can be used to localize the open 

switches under special cases. 

6.6. Summary 

In this section, the FDL algorithm based on M2PC algorithm is introduced. To detect 

the OC fault in the CHB inverter, the voltage deviation between measured and expected 

phase voltages should be calculated. If the voltage deviation is calculated, it means the OC 

fault must exist in the system. With the OC fault detected, the fault localization algorithm 

is used to find the fault locations under common and special cases by measuring the current 

direction, voltage deviation, and switching signals. From the simulation results, the open 

fault in the CHB inverter can be detected and open switches can be localized in all OC 

cases with the proposed FDL algorithm. 

 

 

  



 

M.A.Sc. Thesis – Yue Pan                     Electrical and Computer Engineering 

109 

 

 

Chapter 7 

Hardware Platform and Experimental Results 

7.1.  The Implementation of CHB Topology 

The hardware setup of a 7-level CHB inverter with RL load is employed to verify the 

simulation results experimentally. For the construction of CHB inverter, there are three 

power cells in each phase. To make the experiment simple, the six-switch non-regenerative 

CHB power cells are selected in the experiments. The DC voltage in each power cell is 

provided with a six-pulse diode rectifier fed by a phase-shifting transformer. The overall 

structure of the CHB platform is shown in Fig.7.1. 

 
Fig.7.1. The CHB Hardware Setup 

RL Load 

Phase-shifting 

Transformer 

Power Cell 
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In the hardware setup, there are four different sections as follows: 

1) Grid-connected Circuits: The circuits are connected to the grid directly to 

provide the three-phase AC voltages, including transformers and grid filter.  

2) Power Cells: The structure is as Fig.1.4. Each power cell has a three-phase diode 

rectifier, DC capacitor, and single-phase H-bridge inverter.  

3) Controllers and Measurement Circuits: This part provides the control signals 

for IGBTs in each power cell. Gate drivers are used to amplify the voltage 

signals to control the switches. The measurement circuits for voltages and 

currents are used for the control in the motor drive.  

4) Load: RL load is selected at the output of the CHB inverter. 

7.1.1 Grid-Connected Circuits 

The connection between the grid and the power cell is realized by a phase-shifting 

transformer as Fig.7.2.  

 
Fig.7.2. The Grid-connected Circuit 
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The primary side is connected to the bus line and the seconding side is connected to 

three-phase rectifier. With the grid-connected circuits, the DC capacitor is charged to the 

desired value for the control of power cells.  

7.1.2 Power Cells 

The details of power cells in the experiments are as shown in Fig.7.3. The three-

phase diode rectifier utilizes six IGBTs to obtain the DC voltage for the capacitor. With 

the DC capacitor, the output inverter can produce the two-level voltage waveforms with 

the implementation of two half-bridge IGBT modules. With the series connection of all H-

bridges in one phase, the CHB inverter can generate seven-level waveforms. Gate drivers 

are used to amplify the control signals for AFE and H-bridge inverters. 

 

Fig.7.3. The Structure of Power Cell 
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7.1.3 Controller and Measurement Circuits 

To implement the control algorithm, the dSpace MicroLabBox controller is 

programmed to provide the control signals for IGBTs in the CHB motor drive to produce 

the desired output currents. In addition, for the M2PC and M2FPC algorithm, the load 

currents should be measured in the control module. The phase voltages, DC capacitor 

voltages, and three-phase grid currents should be monitored to ensure the system operate 

normally. Therefore, the measurement circuits are also necessary in the platform. The 

dSpace MicroLabBox controller and measurement circuits are shown in Fig.7.4. 

 

Fig.7.4. The Structure of Controllers and Measurement Circuit 

 

 

Dspace Interface and Sensor Board 
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7.1.4 RL Load 

For all experiments, the RL load is selected. The load inductance is 5mH and the load 

resistance is 13Ω. Therefore, the resistors are connected in parallel and the single-phase 

inductor is connected to the resistor bank in serious. 

7.2. Experimental Validation of Modulated Model Predictive Control in 

a Seven-level CHB Inverter 

The CHB setup is used to verify the theoretical and simulation studies. For the 

modulated model predictive control in the hardware platform, the DC capacitor voltages 

are fixed to 70V. The DC-link capacitance is 2.3mF. The waveforms of output currents and 

phase voltage with M2PC algorithm are shown in Fig.7.5 and Fig.7.6 respectively. In this 

experiment, the RMS value of load current is set to 9A. In the experiment, the THD value 

of load currents is 3.27%. 

 

Fig.7.5. Waveforms of Load Currents in Three Phases(Ix) 
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Fig.7.6. Waveform of Output Phase Voltage(VAN) 

From the experimental results, the M2PC algorithm performs well under steady state 

condition. Also, to evaluate the dynamic performances of M2PC algorithm load change and 

frequency change are shown in Fig.7.7 and Fig.7.8. These figures show the output currents 

under amplitude and frequency changes. In the amplitude change, the RMS value of load 

currents increases from 6A to 9A. In the frequency change, the operation frequency 

decreases from 60Hz to 10Hz. 

 

Fig.7.7. Waveforms of Load Currents under Amplitude Change 
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Fig.7.8. Waveforms of Load Currents under Frequency Change 

From the experiments under steady-state and dynamic performances, M2PC 

algorithm performs well in the control of output currents. It means M2PC algorithm inherits 

all advantages of conventional MPC. In the control module, only nine voltage vectors need 

to be calculated, which reduces the computation burden compared with the conventional 

MPC which evaluate 127 different voltage vectors. In addition, with the application of 

phase-shifted modulation to produce the control signals, the switching frequency of output 

currents is fixed to 900Hz compared to variable value with conventional switching 

frequency. The fixed switching frequency makes the waveform quality better and is 

convenient for filter design.  

7.3. Experimental Validation of Modulated Model-free Predictive 

Control 

Also, the CHB platform is used for the experimental validation of M2FPC algorithm. 

The load resistance and inductance are 13Ω and 5mH respectively. The DC voltage for 

each capacitor is 70V. In the steady-state performance, the waveforms of load currents are 
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shown in Fig.7.9. In the simulation, M2FPC algorithm works well under steady-state 

performance. The THD value of load currents is 4.62%. 

 

Fig.7.9. The Waveforms of Load Currents And Phase Voltage with M2FPC Algorithm under 

Steady-state Performance 

In addition, the dynamic performance of M2FPC algorithm is validated with the 

experiments. The performances of amplitude and frequency changes are as Fig.7.10 and 

7.11. In the amplitude change, the RMS value of load currents increases from 6A to 8A. In 

the frequency change, the operation frequency of load currents decreases from 60Hz to 

10Hz. The M2FPC algorithm works also well under dynamic performances from 

experimental results. 
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Fig.7.10. The Waveforms of Load Currents And Phase Voltage with M2FPC Algorithm under 

Amplitude Change 

 

Fig.7.11. The Waveforms of Load Currents And Phase Voltage with M2FPC Algorithm under 

Frequency Change 

Finally, the comparison of M2PC and M2FPC algorithms under parameter mismatch 

are provided. The RMS value of load currents is 8A. The load resistance and inductance in 

the controller are set to 0.3Ro and 0.3Lo respectively. From the experimental results, the 

amplitude of load currents cannot reach reference value with M2PC method, however it 

can reaches the reference value by M2FPC method.  
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Fig.7.12. Comparison of M2PC and M2FPC Algorithms under Parameter Mismatch 

7.4. Summary 

The output currents of the seven-level CHB inverter are controlled with the M2FPC 

algorithm. The experimental results validate the operations of M2FPC algorithm. The RLS 

estimator to estimate the coefficients of ARX model can be used to replace the discrete-

time model of the RL load. Therefore, the algorithm reduces the dependence of given 

parameters and model in the experiments. 

 

  

M2PC Algorithm M2FPC Algorithm 
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Chapter 8 

Conclusion and Future Work 

8.1.  Conclusion 

The cascaded H-bridge multilevel inverter is a state-of-the-art and an attractive 

multilevel inverter for medium voltage motor drive applications. The CHB structure has 

the advantages of modularity, scalability, and fault-tolerant capability. The grid provides 

the power to CHB MV drive and then diode rectifiers or AFE module generate the DC 

voltage in each power cell for the control of CHB inverter. The output voltage is generated 

with the control of IGBTs. With three power cells (which are considered in this thesis 

without losing the generality), the CHB drive can produce seven levels in the output voltage. 

Modulation schemes are applied in the CHB inverter to produce sinusoidal output 

currents. In this thesis, various kinds of SPMW modulation are analyzed. With the 

comparison between carrier and modulation waveforms, switching signals are generated 

and the control of output currents is realized. To control the amplitude of output currents, 

the amplitude modulation index ma can be modified. 

The conventional MPC algorithm for the CHB inverter with RL and PMSM load is 

studied. FCS-MPC algorithm has the advantages of good dynamic performance, muti-

objective control, and a good inclusion for nonlinearity and simple structure. In the FCS-

MPC, the cost function is defined to find the optimal switching signals. One drawback of 



 

M.A.Sc. Thesis – Yue Pan                     Electrical and Computer Engineering 

120 

 

conventional FCS-MPC is that the switching frequency is variable. Also, the computation 

burden for CHB inverter is too large. 

Based on conventional the MPC scheme, the M2PC algorithm is developed for the 

control of the CHB inverter to inherit the advantages of MPC and obtain the fixed switching 

frequency. In this algorithm, the set of voltage vector is determined with the reference and 

measured current. Therefore, the search step in the definition is adaptive to realize self-

adjusting. With the optimal voltage vector obtained by the minimization of cost function, 

the amplitude modulation index can be calculated and phase-shifted modulation scheme is 

applied to generate control signals. In the M2PC algorithm, only nine possible voltage 

vectors in α-β coordinate are calculated and the computation number is reduced. 

Based on the proposed M2PC algorithm, it still requires the accuracy of the given 

parameters and model. It means the if there is parameter or model mismatch, the 

performance of M2PC algorithm is not good. The RLS algorithm can build the discrete-

time model with observed values. The ARX model does not need the given parameters and 

model. Therefore, the accuracy of parameters and model will not affect the performance of 

M2PC algorithm negatively. 

In addition, the structure of CHB inverter is convenient for fault-tolerant control. 

Therefore, the fault information is necessary and FDL algorithm is introduced as well. The 

proposed FDL algorithm can detect the OC fault and localize the open switch by comparing 

the voltage deviation, current direction and switching signals. One challenge of FDL 

algorithm is that it is impossible to localize the open switch with biased state. Therefore, 

to determine the OC switches, the unbiased state is used to exclude the healthy switches 
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and localize the OC switches. Another challenge is that some OC scenarios cannot be 

detected because the desired switching states do not exist with SPWM modulation. To 

solve this problem, the desired switching signals should be injected to the switches directly 

to provide the state in need and the special OC scenarios can be detected. 

The thesis introduces the proposed M2PC algorithm, M2FPC algorithm and M2PC-

based FDL algorithm in the seven-level CHB inverter. The simulation results are provided 

to verify the principles of the proposed MPC and FDL algorithms. 

The hardware setup is employed by building the three-phase regenerative power cells. 

Experiments are done to validate the operation of the M2PC and M2FPC algorithms. 

8.2.  Contribution 

The contributions of the presented work can be outlined as follows: 

 A review of CHB converter has been done and corresponding modulation schemes are 

discussed. Also, FDL algorithms are reviewed. 

 MPC algorithms are studied and performance, advantages, and drawbacks of them are 

reviewed. 

 Modulated MPC has been proposed in the CHB motor drive and developed for a CHB 

inverter, and its advantages compared with the conventional MPC algorithm.  

 Modulated model-free predictive control algorithm is proposed and developed for a 

CHB inverter. With RLS algorithm, the convergence of current prediction model is 

fast. It’s performance under parameter mismatch is also compared with the M2PC 

algorithm. In addition, the simulation and experimental results are presented to verify 

its feasibility. 
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 A new FDL algorithm to detect and localize the open switch fault in the CHB motor 

drive is proposed. The performance analysis and principles of the proposed FDL 

scheme are provided. Simulation results can validate the M2PC-based FDL algorithm 

in a CHB inverter. 

 

8.3.  Future Work 

The research in this thesis shows the model predictive control and FDL algorithms 

applied in a CHB motor drive. The further analysis and experiments of the proposed 

algorithms can develop a better performance of the control algorithms and fault -tolerant 

control in the CHB motor drive. Some future tasks are summarized as follows: 

 Analysis of these control algorithms for AFE rectifier in regenerative power cells 

 Fast computation of M2FPC algorithms 

 Considering the M2FPC algorithm with the three-phase unbalanced loads 

 Further research on other adaptive filter applications in the control of CHB motor drive 

 Experimental Validation of FDL algorithms in CHB inverters 

 Analysis and experimental validation of fault-tolerant control in the CHB motor drive 

along with the FDL algorithm 
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