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I 

 

ABSTRACT 

Permanent Magnet Synchronous Motor (PMSM) is widely used in many industrial 

applications such as electric vehicles, industrial robotics and servo machines due to the 

merits of low volume, light weight, high efficiency, and high power density, etc. Finite 

Control Set Model Predictive Control (FCSMPC), as an advanced and promising control 

scheme, has attracted more and more attention in its use for PMSM drives due to its notable 

advantages like fast dynamic response, the ability of multi-variable control and the 

flexibility to include multiple constraints. However, the FCSMPC scheme suffers from 

certain drawbacks of large current ripples, which will lead to unexpected torque ripples 

and noise in the PMSM drive system. This thesis presents two FCSMPC methods for 

PMSM drives with improved techniques to minimize the current ripples. 

First, an improved FCSMPC with integrated duty cycle and finite virtual voltage vector 

technique is proposed. The finite control set is expanded by introducing six symmetrically 

positioned virtual voltage vectors in addition to the six original active voltage vectors while 

the selected optimal non-zero voltage vector is applied in the regulated proportion of the 

sampling period according to an efficiently calculated duty ratio. By combining the concept 

of duty cycle and finite virtual voltage vector in the proposed technique, the control 

accuracy is distinctly improved while the current ripples are effectively reduced for the 

FCSMPC-controlled PMSM drives. 



II 

 

Second, an improved FCSMPC with continuous virtual voltage vector technique is 

proposed. At each sampling interval, the proposed technique applies a continuous virtual 

voltage vector that is realized by at most two suboptimal basic non-zero voltage vectors 

and one null voltage vector in proper duty cycle ratios. The continuous virtual voltage 

vector eliminates the error between the reference current and the actual current at each 

sampling instant and therefore achieves significant current ripple reduction for the 

FCSMPC-controlled PMSM drives. 

The effectiveness of both proposed techniques is validated with the reference 5 KW 

IPMSM drives test bench under different conditions. Additionally, to better evaluate the 

effectiveness of the proposed techniques on reducing the current ripple, two conventional 

techniques are introduced and implemented with the reference IPMSM drives under the 

same conditions. It is found in the experimental results that the FCSMPC with the proposed 

techniques achieve better steady-state performance and much lower current ripples while 

maintaining similar transient responses as compared to the basic FCSMPC and the 

FCSMPC with conventional techniques. 
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Chapter 1  

INTRODUCTION 

1.1 BACKGROUND AND MOTIVATION 

Electric machine, as a key apparatus for the mutual conversion between the mechanic 

energy and electric energy, has played a more and more important role in the modern 

industry and daily life. According to relative statistics, the electric motor systems are 

currently the single largest electrical end use which accounts for 43% to 46% of the global 

electricity consumption [1] . Therefore, the researches on electric motors and the 

corresponding control techniques are directly relevant to the development, utilization and 

saving of the electric energy, which are increasingly import nowadays due to the power 

shortage. 

Electric motors are categorized into two groups, direct current (DC) motors and alternating 

current (AC) motors. Moreover, the AC motors can be further divided into induction 

motors and synchronous motors according to the working principle and structures. In 1960s 

to 1970s, DC motor was widely adopted in various fields due to the advantages like wide 

speed and torque range and the ease of controlling the motor performance [2] . However, 

it suffers from certain drawbacks, such as the complex commutation structures with short 
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life, the abrasion and sparks happened with the commutations and the high requirement of 

maintenance [3] . These shortages severely limited the application of the DC motor. 

Specifically, they are not suitable to be used in explosive environment or high-speed 

operations [2] . 

With the rapid development in control theories, power electronic techniques and the chip 

manufacturing in 1980s, the AC motor had been increasingly used in the industry. In 

contrast to the DC motors, AC motor requires no complex commutation structures, which 

provides higher reliability in normal use. Moreover, it enjoys the advantages of low cost 

and simple manufacturing, which attracts great attention of the modern industry. For the 

induction motors and conventional synchronous motors, the rotor field is generated by the 

rotor windings, which leads to the rotor power loss with the certain problem of heat 

dissipation. With the advent of the permanent magnet synchronous motors (PMSM), the 

effects of those drawbacks are effectively mitigated as the rotor windings are substituted 

by the permanent magnets. Since the permanent magnets are adopted for the rotor field 

excitation, the motor structure is simplified while the motor volume and weight are also 

effectively reduced without the rotor windings. Moreover, the motor efficiency is 

sufficiently improved without the rotor copper loss [4] [5] . Obviously, the reduction in 

motor volume and weight plus the higher efficiency will bring a lower cost in both 

manufacturing and normal operation of the PMSM as compared to other AC motors. 

Besides, the PMSM enjoys the distinctive merits of fast transient response, high power 
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density and high torque density [6] [7] , which make it more and more welcomed in various 

applications in modern industry and transportation [8] [9] . Moreover, the availability of 

low-cost power electronic devices and the improvement of PM characteristics will enable 

the use of PMSM even in more demanding applications [10] .  Given to the wide 

applications of the PMSM nowadays and in the future, it is of great practical significance 

to study and explore the high-performance control strategies for the PMSM. To date, 

various control strategies have been proposed, among which the two classical theories are 

Field-Oriented Control (FOC) and Direct Torque Control (DTC) [7] . 

FOC was proposed by Blaschke in 1971 [11] . Inspired by the control strategy of DC motor 

drives, FOC achieves the decoupled control of the flux and torque of AC motors by 

transforming the stator current vectors into two vertical components through coordinate 

transformation. It greatly simplifies the control of AC motors and has become the 

fundamental theory of various control strategies. However, FOC has problems at certain 

applications that require no overshoot and superior transient control performance since PI 

controller is normally adopted in the current control loop of the FOC. Moreover, finely 

tuned parameters are strictly required for the internal current loop, which is another 

drawback of FOC [12] . 

The other classical control strategy is DTC, in which the applied voltage vector is selected 

directly from a heuristic switching table according to the comparison results between the 

reference torque and flux and the estimated torque and flux. In contrast to FOC, DTC 
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directly controls the torque and flux with no need of the complex coordinate transformation 

and therefore has the merits of low reliability to parameters, fast dynamic torque response 

and simple structure [13] [14] . However, it suffers from certain disadvantages such as high 

current and torque ripples and the difficulty to control torque at low speed [15] . 

Model Predictive Control (MPC), as an advanced control scheme and a promising alternate 

for the two classical control methods, has emerged in recent 30 years [16] [17] [18] . It was 

initially developed in late 1970s for the process control such as petrochemical industry 

while not adopted in motor control which has fast dynamic response [19] [20] [21] [22] . 

With the rapid development of modern material and the chip industry in recent years, the 

computational capability has been effectively promoted, which makes it possible for the 

MPC to be applied in the AC drive system [6] . For the PMSM drives specifically, MPC 

exhibits satisfactory performance under complex working conditions, such us large torque 

with low speed, high power with high voltage and applications driven by multi-level power 

converters [23] [24] . As compared to continuous control set MPC, finite control set MPC 

(FCSMPC) is often preferred for the PMSM drives as it takes the full advantage of the 

discrete essence of the inverter, which results in lower computational burden [25] . The 

control concept of FCSMPC is simple and efficient. It utilizes the mathematical model of 

the PMSM to predict the state of the control variable (such as current, torque, flux, etc.) at 

next instant. Then, a cost function is built based on the error between the reference and the 

predicted control variable. Finally, the available control voltage which minimizes the cost 
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function is selected from a finite control set and will be applied through the power 

converters to the machine. 

As compared to DTC, FCSMPC has relatively lower current ripples and torque ripples. As 

compared to FOC, FCSMPC achieves better dynamic response while avoids the strong 

reliability on the strictly tuned parameters for the internal current control loop [26] . 

Moreover, FCSMPC enjoys the distinct merits of the absence of cascaded control loops, 

the ability of multi-variable control and the flexibility to include multiple constraints  [27] . 

Therefore, it has gained more and more attention in the application with PMSM drives [28] 

[29] [30] [31] [32] . However, FCSMPC suffers from certain drawbacks of large current 

ripples. The large current ripples will lead to large torque ripples and noise. Moreover, it 

decreases the control precision of PMSM drive system. Furthermore, it will cause large 

torque ripples of the motor, which will affect the control accuracy for the PMSM drives. 

Therefore, it is of great practical value to explore advanced techniques to reduce the current 

ripples of the FCSMPC-controlled PMSM drives. 

1.2 CONTRIBUTIONS 

The author has contributed a number of original developments in the current ripple 

minimization techniques for the FCSMPC-controlled PMSM drive system, which are listed 

as follows: 
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1. An integrated duty cycle and finite virtual voltage vector technique is proposed for the 

FCSMPC-controlled PMSM drives. 

2. A continuous virtual voltage vector technique is proposed for the FCSMPC-controlled 

PMSM drives. 

3. Comparative assessments between the proposed techniques and the conventional 

techniques are exhibited through experimental results for comprehensively evaluating the 

proposed techniques. 

1.3 THESIS OUTLINE 

This thesis presents two FCSMPC methods for PMSM drives with improved techniques to 

minimize the current ripples. 

Chapter 2 introduces the general MPC, the finite control set (FCS) and the principle of the 

MPC with FCS (FCSMPC) for PMSM drives. Firstly, the definition, essential components 

and the basic principle of the general MPC is discussed while the classification of the MPC 

is carefully presented. Moreover, the concept and definition of the FCS is clearly depicted 

and firmly founded, which provides full knowledge base for FCSMPC. Furthermore, the 

FCSMPC for the PMSM drives is specifically discussed, where the prediction model of 

PMSM, the essential principle of FCSMPC and other relative problems are presented in 

details. Additionally, the mechanism of the current ripples produced by the FCSMPC is 

carefully analyzed and studied. The FCSMPC is experimentally tested in the reference 
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IPMSM drive system at the end of this chapter, where the current ripples will be clearly 

demonstrated. Moreover, the experimental setup is also specified in this chapter. 

Chapter 3 presents the typical and conventional techniques for current ripple minimization. 

The FCSMPC with virtual voltage vectors and the FCSMPC with duty cycle control are 

introduced in two subsections. The principle of the two techniques and the mechanism on 

reducing the current ripples are explained in detail, while the drawbacks of each techniques 

are also presented explicitly in the corresponding subsection. Moreover, the FCSMPC with 

the two conventional techniques are experimentally implemented with the reference 

IPMSM drive system as the benchmark reference methods. 

Chapter 4 proposes an improved FCSMPC method with integrated duty cycle and finite 

virtual voltage vector technique for PMSM drives. The principle of the proposed method 

is elaborated carefully in this chapter. Additionally, the mechanism of the proposed method 

on reducing the current ripples is analyzed in detail. Moreover, the proposed method is 

comparatively studied with the FCSMPC with the conventional techniques, where its 

benefits on the current ripple reduction are confirmed by the experimental results for the 

reference IPMSM drives. In the end of this chapter, a supplementary analysis is presented 

on the difference between the proposed optimal vector selection method and the quick 

selection method adopted in the conventional techniques, which further proves the higher 

accuracy of the proposed method. 
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Chapter 5 chapter proposes an improved FCSMPC method with continuous virtual voltage 

vector technique for high performance control of PMSM drives. The proposed method 

applies a continuous virtual voltage vector at each sampling interval, which reduces the 

current ripples by successfully eliminating the error between the reference value and the 

actual value of the current. The principle of the proposed method is presented in detail. 

Additionally, the mechanism of the proposed method on reducing the current ripples is 

analyzed explicitly. Moreover, the proposed method is comparatively studied with the 

FCSMPC with the conventional techniques, where its benefits on the current ripple 

reduction are confirmed by the experimental results for the reference IPMSM drives. 

The thesis is concluded in Chapter 6 with suggested future work. 
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Chapter 2  

MODEL PREDICTIVE CONTROL 

(MPC) AND FINITE CONTROL SET 

(FCS)                             

2.1 INTRODUCTION 

The theory of the general MPC, the FCS and the MPC with FCS for PMSM drive will be 

fully discussed in this Chapter. First, the definition, essential components and the 

classification of the general MPC are introduced in 2.1. Then, the concept and definition 

of the FCS is clearly depicted and firmly founded in 2.2. Next, the MPC with the FCS 

(FCSMPC) for the PMSM drive is specifically discussed in 2.3. Moreover, the current 

ripples, as the main problem for the conventional FCSMPC, is presented and deeply 

analyzed, which provides a strong theoretical support for the further research in this thesis. 

Finally, the performance of the FCSMPC is tested through experiments on the reference 

IPMSM drive system, where the current ripple problem will be clearly demonstrated. 
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2.2 MODEL PREDICTIVE CONTROL (MPC) 

For a clear definition, MPC is a model-based open-loop-optimal feedback control strategy 

[18] . It enjoys the distinct merits of quick dynamic response, the absence of cascaded 

control loops, the ability of multi-variable control and the flexibility to include multiple 

constraints [33] [34] . The most notable characteristic of MPC, which makes it distinctly 

different from other conventional control methods, is that the close loop control is achieved 

in a way of solving the online optimization problem. As compared to conventional FOC 

and DTC, MPC avoided the heavy parameter-tuning work without using the PI controller 

while presents promising control performance for the torque at low speed. The basic 

mechanism of the MPC is described as: 

In every discrete control period, MPC solves an online open-loop optimization problem 

within the limited future control steps according to the measured output or the observed 

state of the control objective. The first control action of the optimal control sequence that 

is obtained from solving the optimization problem is applied to the plant system. Then, the 

MPC will repeat the process in the next discrete control interval by updating the 

optimization result with the updated measurement output or the observed state feedback 

[35] . The schematic diagram of a typical MPC scheme is shown in Fig. 2.1. 
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Fig. 2.1 The structure of a typical model predictive control scheme. 

Based on this structure and concluded from different kinds of algorithms and 

implementation forms of MPC, it is found that the operation of MPC is conceptually 

consisted of the three basic components- Prediction model, Cost function and the Rolling 

optimization. By perceiving these three components separately, the general principle of 

MPC will be mapped clearly. 

(a) Prediction Model 

The prediction model is the accurate description of the control behaviors regarding the 

control system within the limited future steps, which is the basis of the MPC. Moreover, 

the prediction model can be built in any structures, such as impulse response, discrete 

transfer function and state space equations, as long as it can precisely project the 
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relationship of the input and output of the control system. The prediction model of the 

PMSM will be presented in 2.4. 

(b) Cost Function 

Different functions are adopted to estimate the corresponding control behaviors in different 

MPC algorithms. Normally, these functions are formulated as a cost function along with 

multiple constraints. The cost function is normally a quadratic function which should be 

able to evaluate the tracking error between the reference signal y and the future output �̂� of 

the control system. Besides, some constraint conditions are normally added directly behind 

the cost function. The simplicity of embedding the constraints provides a sufficient 

freedom of achieving multiple control purposes. The general form of the cost function is 

expressed in a simple way as: 

 𝐽(𝑁𝑝) = ∑ [�̂�(𝑡 + 𝑗|𝑡) − 𝑦(𝑡 + 𝑗)]2𝑁𝑝

𝑗=1
 (2.1) 

where Np denotes the maximum predictive horizon. It is found that long prediction horizon 

Np delivers a better steady-state performance. However, it slows down the dynamic 

response of the system and greatly increase the computational time and burden. In normal 

practice, Np is usually adopted as 1 due to the high complexity of multi-predictive-step 

control with the limited digital computational ability. Moreover, solving the cost function 

is a complicated optimization problem consuming lots of computational resources, which 

makes it difficult to apply to the motor control system with fast dynamic response. To 
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simply the complex solving problem, J. Rodríguez proposed to transfer the optimization 

problem as an integral enumeration problem in 2004 by limiting the control input within 

the finite combinations of the inverter switching states, through which the optimization 

problem is solved by simple enumerations. This method is the so-called Finite Control Set 

Model Predictive Control, which will be elaborated further in the following content and 

more in details in 2.4. 

(c) Rolling Optimization 

In every control period, MPC solves the optimization problem of the cost function and 

seeks the optimal control sequence regarding the output tracking performance within the 

predictive horizon Np while applies only the first of the optimal control sequence to the 

controlled system. Therefore, the rolling optimization of the MPC happens naturally as the 

online optimization process is carried out repeatedly with the sampling progressing forward. 

By constantly sampling and updating the operation state and tracking error of the control 

system, the rolling optimization process implies the close-loop control by revising the 

model-based prediction values and conducting the optimization in each sampling interval, 

which guarantees an effective correction on the control behavior under various complex 

control conditions. 

With the knowledge of the general principle of MPC, its specific application on the PMSM 

drives can be discussed. An MPC-based control system for the PMSM drive is shown in 

Fig. 2.2, which is mainly constituted of three parts- PMSM, power converter and digital 
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controller. It is clearly seen in Fig. 2.2 that the output of the PMSM drive control system 

is consisted of stator currents, speed and rotor position, while the input is the stator voltage 

or the gate signals of the switches. Accordingly, the control objectives of the system could 

be designated as one of the system outputs while the control actions evaluated in the cost 

function is normally designated as the system input (i.e. stator voltage or the inverter gating 

signals). 

Predictive Model of 

PMSM

Stator 

Voltage

Cost Function 

Evaluation & 

Rolling Optimization

Stator Current

Speed

Position

Gating Signals

Inverter PMSMDigital Processor

Control 

SequencePredicted 

Results

uk,0

uk,i

 

Fig. 2.2 The diagram of a typical MPC-based control system for PMSM drives. 

According to the different control objectives mentioned before, the MPC strategies for the 

PMSM drives could be categorized as Model Predictive Current Control (MPCC) [36] [37] 

[38] [39] [40] , Model Predictive Torque Control (MPTC) [41] [42] [43] [44] [45] [46] , 
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Model Predictive Speed Control [47] and Model Predictive Position Control [48] , etc. 

Among these methods, the more common used two are MPTC and MPCC. The MPTC is 

more accurate and effective than the DTC by selecting the best voltage vector minimizing 

the pre-defined cost function which is usually consisted of torque error and flux error. 

However, the optimal weighting factor which balances the torque and flux is difficult to 

obtain due to the lack of theoretical design procedure [49] , which forms the main drawback 

of this method. Moreover, the stator flux cannot be directly measured but has to be 

estimated using a flux estimator or observer, which makes the controller design even more 

complicated [50] . On the contrary, the weighting factor issue is naturally solved if the 

current control strategy is considered, while the stator current can be directly measured 

which adds more simplicity to this method. Based on this fact, the stator current is adopted 

as the control objective in the MPC strategy in this thesis. 

According to the different characteristics of the control actions, the MPC strategies for the 

PMSM drives could be categorized as Continuous Control Set Model Predictive Control 

(CCSMPC) [51] [52] [53] and Finite Control Set Model Predictive Control (FCSMPC) [54] 

[55] [56] . CCSMPC includes all the possible continuous voltage vectors in its control set 

with the assistance of modulation techniques. Since the possible voltage vector candidates 

are with infinite angles and magnitudes, different optimization strategies have to be built 

up accordingly to obtain the optimal voltage vector, which is usually complicated 

consuming lots of computational resources. In contrast, the FCSMPC requires no 
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modulation but builds up a finite control input set that consists of eight switching states by 

embracing the discrete nature of the 2-level voltage source inverter, through which the 

optimal problem is solved by the simple enumerations on the pre-defined cost function, 

which greatly releases the computational burden and simplifies the control process as 

compared to the CCSMPC. For the sake of simplicity and practicality, the FCSMPC is 

considered in this thesis. 

2.3 FINITE CONTROL SET (FCS) 

The structure of the two-level voltage source inverter (2L-VSI) fed PMSM drive system is 

depicted in Fig. 2.3. 

3

Rectifier

+

-
Vdc

SAP

SAN

SBP

SBN

SCP

SCN

A
B

C
PMSM

Two-level Inverter

 

Fig. 2.3 The diagram of a 2L-VSI fed PMSM drive system. 

In Fig. 2.3, Vdc represents the DC bus voltage. SAP (SAN), SBP (SBN) and SCP (SCN) denote the 

gating signals of the upper (lower) switches on phase-A, Phase-B and Phase-C of the two-

level voltage source inverter, respectively. Moreover, the on-state of the corresponding 
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switch is represented by “1” while the off-state is denoted by “0”. For example, “SAP=1” 

represents that the upper switch on phase-A is enabled. 

Since the switching states of the upper and lower switches on one phase are complementary 

to each other, there will be in total eight combinations of the switching states for the 2L-

VSI, which can be represented by the vector Si= [SAP  SBP  SCP]T (i=0, 1, …, 7). Among the 

eight combinations, there are six valid combinations (S1~S6) which could transmit the 

power from the DC bus to the machine. By transferring the output phase voltages 

corresponding to these six valid combinations into the space vector form, six magnitude-

fixed and angle-fixed voltage vectors (denoted by V1-V6) could be obtained, which are 

defined as the active voltage vectors. The corresponding active voltage vectors with respect 

to the six valid switching combinations are demonstrated in Fig. 2.4. 

Apart from the six valid switching combinations of the 2L-VSI, there are two switching 

combinations that fail to conduct the machine to the DC bus, i.e., the combinations (S0 and 

S7) which enable the three lower switches or the three upper switches of the inverter. Since 

the phase and the magnitude of the stator line voltage are both zero under these two 

circumstances, the voltage vectors that corresponds to these two combinations are defined 

as zero vectors or null vectors (denoted by V0 and V7). 
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(e) S5=[0 0 1]T corresponding to V5  (f) S6=[1 0 1]T corresponding to V6 

Fig. 2.4 The valid switching combinations of a 2L-VSI. 

The eight basic voltage vectors Vi (i=0, 1, …, 7) and the corresponding phase voltage vAN, 

vBN, vCN with respect to the eight switching combinations Si (i=0, 1, …, 7) are listed in 

Table 2.1. 
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Table 2.1 Basic voltage vectors and the corresponding switching states of the 2L-VSI 

Basic voltage vectors Vi Switching states Si vAN vBN vCN 

V0 [0   0   0]T 0 0 0 

V1 [1   0   0]T 
2

3
vdc  - 

1

3
vdc  - 

1

3
vdc  

V2 [1   1   0]T 
1

3
vdc  

1

3
vdc  - 

2

3
vdc  

V3 [0   1   0]T - 
1

3
vdc  

2

3
vdc  - 

1

3
vdc  

V4 [0   1   1]T - 
2

3
vdc  

1

3
vdc  

1

3
vdc  

V5 [0   0   1]T - 
1

3
vdc  - 

1

3
vdc  

2

3
vdc  

V6 [1   0   1]T 
1

3
vdc  - 

2

3
vdc  

1

3
vdc  

V7 [1   1   1]T 0 0 0 

 

With the coordinate transformation, the stator voltage of the machine under α-β frame can 

be calculated through: 

 [
vα
vβ

]=
2

3
[
1 -

1

2
-
1

2

0
√3

2
-

√3

2

] [

vAN
vBN
vCN

] (2.2) 

where vα and vβ denote the projection terms of the stator voltage on the α-axis and β-axis. 

By substituting the phase voltage vAN, vBN and vCN from Table 2.1 into (2.2), the eight basic 

voltage vectors Vi (i=0, 1, …, 7) can be transformed into the eight basic voltage vectors vi 

(i=0, 1, …, 7) on the α-β subspace. The basic voltage vectors vi in α-β frame and the 

corresponding switching states are shown in Fig. 2.5. It should be noted that the all the 
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active voltage vectors have the same magnitude of (2/3)Vdc, while each two adjacent active 

vectors have 60 degrees phase shift. 

α

β

v1

v2v3

v4

v5 v6

[1 0 0]

[1 1 0][0 1 0]

[0 1 1]

[0 0 1] [1 0 1]

(2/3)Vdc

v0[0 0 0]
v7[1 1 1]

-(1/3)Vdc

  3 3)Vdc

60
o

 

Fig. 2.5 The scheme of the basic voltage vectors in the stationary frame. 

In conclusion, there are eight basic voltage vectors V0~V7 that corresponds to the eight 

switching combinations of the 2L-VSI, which could be further transformed into the vectors 

v0~v7 on the α-β subspace. The control set, that is built on the basis of the eight voltage 

vectors (including six active voltage vectors and two zero vectors), is defined as the Finite 

Control Set (FCS): 

 FCS={vs=vi|vi=v0, v1, …, v7} (2.3) 

The MPC, of which the control inputs adopt only the six active voltage vectors and the two 

zero voltage vectors, is defined as the MPC with FCS (FCSMPC), which will be elaborated 

in the following Section. 
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2.4 FCSMPC FOR PMSM DRIVES 

2.4.1 PRINCIPLE OF FCSMPC 

FCSMPC is one kind of MPC which utilizes the FCS as its control output pool. FCSMPC 

predicts the future value of the control objective under every single control voltage vector 

from the FCS through the prediction model of the control plant. The corresponding control 

output which minimizes the pre-defined cost function will be selected as the optimal 

control action. Since the FCSMPC adopts the discrete and finite control outputs provided 

by FCS, the principle of enumeration could be used to evaluate the control performance 

for each control voltage vector, which guarantees the optimal control under accurate 

prediction. As illustrated in 2.2, the FCSMPC could be classified into different categories 

according to the control objectives, such as torque or current, etc. In this section, the theory 

of the FCSMPC for current control on a PMSM drive is studied. Fig. 2.6 shows the diagram 

of a FCSMPC controlled PMSM drive system. It can be seen that the function blocks of 

the FCSMPC are mainly constituted of the prediction model of PMSM, enumeration of the 

voltage vectors and the cost function evaluation, which will be introduced in details in the 

following content. 
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Fig. 2.6 The schematic diagram of an FCSMPC-controlled PMSM drive system. 

The synchronous rotating frame (d-q frame) is established as shown in Fig. 2.7, where the 

d-axis is aligned with the permanent magnet flux linkage Ψr of the PMSM. θe denotes the 

angle between the d-axis and the α-axis and the q-axis is 90 degrees leading to d-axis as 

normal. 
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Fig. 2.7 Spatial distribution of the basic voltage vectors in different coordinate frames. 

According to Faraday’s Law and the theory of the coordinate transformation, the time 

domain stator voltage equations of the PMSM in d-q frame is modeled as: 

 {
𝑣𝑑(𝑡) = 𝑅𝑠𝑖𝑑(𝑡) + 𝐿𝑑

𝑑𝑖𝑑(𝑡)

𝑑𝑡
− 𝜔𝑒(𝑡)𝐿𝑞𝑖𝑞(𝑡)

𝑣𝑞(𝑡) = 𝑅𝑠𝑖𝑞(𝑡) + 𝐿𝑞
𝑑𝑖𝑞(𝑡)

𝑑𝑡
+ 𝜔𝑒(𝑡)𝐿𝑑𝑖𝑑(𝑡) + 𝜔𝑒(𝑡)𝜓𝑟

 (2.4) 

where ωe(t) represents the rotor electrical speed, id(t) and iq(t) denote the d-axis and q-axis 

stator currents while vd(t) and vq(t) denote the d-axis and q-axis voltage in same rotor 

synchronous frame, respectively. Furthermore, Rs denotes the stator winding resistance, Ψr 

denotes the flux linkage of the permanent magnet, Ld and Lq represent the direct and 

quadrature stator inductance, respectively. For the interior permanent magnet (IPM) 

machine that is considered, Ld is smaller than Lq due to the saliency of the motor. 
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Furthermore, the prediction model with the FCS can be established by discretizing (2.4) 

via forward Euler derivative as: 

 {
𝑖𝑑

𝑝(𝑘 + 1) = (1 −
𝑅𝑠𝑇𝑠

𝐿𝑑
) 𝑖𝑑(𝑘) +

𝑇𝑠

𝐿𝑑
[𝑣𝑑

𝑖 (𝑘) − 𝑒𝑑(𝑘)]

𝑖𝑞
𝑝(𝑘 + 1) = (1 −

𝑅𝑠𝑇𝑠

𝐿𝑞
) 𝑖𝑞(𝑘) +

𝑇𝑠

𝐿𝑞
[𝑣𝑞

𝑖 (𝑘) − 𝑒𝑞(𝑘)]
 (2.5) 

 {
𝑒𝑑(𝑘) = −𝜔𝑒(𝑘)𝐿𝑞𝑖𝑞(𝑘)

𝑒𝑞(𝑘) = 𝜔𝑒(𝑘)𝐿𝑑𝑖𝑑(𝑘) + 𝜔𝑒(𝑘)𝜓𝑟
 (2.6) 

where Ts and k represent the sampling period and the kth discrete control interval. id
p (k+1) 

and iq
p(k+1) denote the predicted d- and q- axis current at (k+1)th instant while id(k) and 

iq(k) are the actual stator current on d- and q- axis at kth instant, respectively. Moreover, 

vd
i(k) and vq

i(k) represent the projected terms of the ith basic voltage vector (vi) on the d- 

and q- axis at kth instant. 

With the aim to minimize the tracking error between the output stator current and the 

reference current, the cost function with the prediction horizon of Np is established as: 

 𝐽(𝑁𝑝) = ∑ [𝑖𝑑
𝑟𝑒𝑓

− 𝑖𝑑
𝑝(𝑘 + 𝑗)|𝑣𝑖]

2 + [𝑖𝑞
𝑟𝑒𝑓

− 𝑖𝑞
𝑝(𝑘 + 𝑗)|𝑣𝑖]

2𝑁𝑝

𝑗=1
 (2.7) 

where id
ref and iq

ref denote the reference stator currents on d- and q- axis. id(k+j)|vi and 

iq(k+j)|vi represent the predicted d- and q-axis current at (k+j)th step, which are obtained by 

applying the ith of the eight basic voltage vectors (vi) in (2.3) at (k+j-1)th step within the 

prediction horizon Np. The cost function J, that corresponds to each possible control 
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sequence, is obtained by enumerating the eight voltage vectors in (2.5) and (2.7) based on 

an iteration-based manner. The relationship between Np and the enumeration times is 

shown in Fig. 2.8. 
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Fig. 2.8 The schematic of enumerations vs. the steps of the prediction horizon. 
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It is seen that, each one of the calculations that is made in the current prediction step will 

be followed by eight enumerations of the voltage vectors at the next prediction step. In 

other words, each one additional step inside the prediction horizon will lead to eight times 

more of the calculation burden. Long prediction horizon is able to provide more accurate 

data basis for the decision of the best control sequence, which delivers better control 

performance. However, it greatly complicates the calculation process and brings much 

heavier computational burden on the digital processor [57] . Considering the complexity 

and the computational ability of the modern microprocessor, the application of the long 

prediction horizon (Np>1) is limited in the normal cases of the FCSMPC controlled system. 

Therefore, Np=1 is adopted in the following analysis of the FCSMPC strategy. 

By concluding the prediction model and the cost function (Np=1) with FCS, the principle 

of the FCSMPC-based control system for PMSM drive could be represented as: 

min
𝑣𝑖(𝑘)

                                𝐽 = [𝑖𝑑
𝑟𝑒𝑓

− 𝑖𝑑
𝑝(𝑘 + 1)|𝑣𝑖]

2 + [𝑖𝑞
𝑟𝑒𝑓

− 𝑖𝑞
𝑝(𝑘 + 1)|𝑣𝑖]

2            

subject to 

 {
𝑖𝑑

𝑝(𝑘 + 1) = (1 −
𝑅𝑠𝑇𝑠

𝐿𝑑
) 𝑖𝑑(𝑘) +

𝑇𝑠

𝐿𝑑
[𝑣𝑑

𝑖 (𝑘) − 𝑒𝑑(𝑘)]

𝑖𝑞
𝑝(𝑘 + 1) = (1 −

𝑅𝑠𝑇𝑠

𝐿𝑞
) 𝑖𝑞(𝑘) +

𝑇𝑠

𝐿𝑞
[𝑣𝑞

𝑖 (𝑘) − 𝑒𝑞(𝑘)]
 (2.8) 

𝑣𝑖(𝑘) = 𝑣𝑑
𝑖 (𝑘) + 𝑗𝑣𝑞

𝑖 (𝑘) 
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It is seen from (2.8) that the optimization principle of the FCSMPC is actually a 

combination of the enumerations of the voltage vectors plus the minimization of the cost 

function. First, the d- and q- axis currents at (k+1)th instant are predicted corresponding to 

the eight basic voltage vectors (v0~v7), based on the sampled values of the stator current, 

DC voltage and the rotor angular position at kth instant. Then, the predicted id
p(k+1) and 

iq
p(k+1) are substituted into the cost function and the corresponding voltage vector which 

produces the minimum J will be selected as the optimal control output. The flow chart of 

the principle of the basic FCSMPC is presented in Fig. 2.9. 
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Fig. 2.9 Flow chart of the principle of the basic FCSMPC. 
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2.4.2 ONE-STEP DELAY COMPENSATION FOR FCSMPC 

According to the basic principle of FCSMPC as illustrated in section 2.4.1, the FCSMPC 

is a discrete controller. Theoretically, when there is no delay in the control system, the 

selection and implementation of the optimal control output can be done right at the 

sampling instant, which will present a satisfactory tracking performance on the control 

system. However, in practice, the output of the FCSMPC controller usually lags behind the 

variation of the control objective due to various delay factors, such as the calculation time 

needed for the optimization algorithm, sampling delay and filters delay [58] . In other 

words, the optimal control voltage vector obtained at kth sampling instant is not applied 

until after the (k+1)th instant, which will lead to the deviation between the predicted values 

and actual values of the control objective and hence affect the tracking performance of the 

control system. Moreover, the impact on the prediction caused by the one step delay 

becomes even worse when the one-sample prediction horizon is considered [59] . Therefore, 

it is necessary to compensate the one-step delay for the FCSMCP controlled system [60] . 

A simple and effective method, which utilizes one additional prediction before the 

optimization process of FCSMPC, is widely used to compensate the one-step delay. Fig. 

2.10 shows the timing diagram of the FCSMPC with the one-step compensation. 
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Fig. 2.10 The timing diagram of the FCSMPC with one-step compensation. 

As shown in the figure, the control output obtained at (k-1)th instant is first applied to the 

system physically at kth instant. Then, the current at (k+1)th instant (idq
p(k+1)) is predicted 

mathematically by substituting the currently applied vector into the prediction model (2.5). 

Next, idq
p(k+1) is used to predict the currents at (k+2)th instant (idq

p(k+2)) with respect to 

the eight basic voltage vectors. Finally, the corresponding voltage vector which minimizes 

the error between idq
p(k+2) and the reference current will be determined as the optimal 

voltage vector, and then applied at (k+1)th instant. As a result, the one step lag between the 

controller output and the variation of current is compensated and the effect of the one-step 

delay is eliminated. By integrating the algorithm of the one-step delay compensation with 
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(2.8), the principle of the FCSMPC for the PMSM drive control system could be updated 

as: 

 

min
𝑣𝑖(𝑘+1) from FCS

                  𝐽 = [𝑖𝑑
𝑟𝑒𝑓

− 𝑖𝑑
𝑝(𝑘 + 2)|𝑣𝑖]

2 + [𝑖𝑞
𝑟𝑒𝑓

− 𝑖𝑞
𝑝(𝑘 + 2)|𝑣𝑖]

2            

subject to 

                         {
𝑖𝑑

𝑝(𝑘 + 2) = (1 −
𝑅𝑠𝑇𝑠

𝐿𝑑
) 𝑖𝑑

𝑝(𝑘 + 1) +
𝑇𝑠

𝐿𝑑
[𝑣𝑑

𝑖 (𝑘 + 1) − 𝑒𝑑(𝑘 + 1)]

𝑖𝑞
𝑝(𝑘 + 2) = (1 −

𝑅𝑠𝑇𝑠

𝐿𝑞
) 𝑖𝑞

𝑝(𝑘 + 1) +
𝑇𝑠

𝐿𝑞
[𝑣𝑞

𝑖 (𝑘 + 1) − 𝑒𝑞(𝑘 + 1)]
  

 {
𝑖𝑑

𝑝(𝑘 + 1) = (1 −
𝑅𝑠𝑇𝑠

𝐿𝑑
) 𝑖𝑑(𝑘) +

𝑇𝑠

𝐿𝑑
[𝑣𝑑(𝑘) − 𝑒𝑑(𝑘)]

𝑖𝑞
𝑝(𝑘 + 1) = (1 −

𝑅𝑠𝑇𝑠

𝐿𝑞
) 𝑖𝑞(𝑘) +

𝑇𝑠

𝐿𝑞
[𝑣𝑞(𝑘) − 𝑒𝑞(𝑘)]

 (2.9) 

 {
𝑒𝑑(𝑘 + 1) = −𝜔𝑒(𝑘)𝐿𝑞𝑖𝑞

𝑝(𝑘 + 1)

𝑒𝑞(𝑘 + 1) = 𝜔𝑒(𝑘)𝐿𝑑𝑖𝑑
𝑝(𝑘 + 1) + 𝜔𝑒(𝑘)𝜓𝑟

  

𝑣𝑖(𝑘 + 1) = 𝑣𝑑
𝑖 (𝑘 + 1) + 𝑗𝑣𝑞

𝑖 (𝑘 + 1) 

It should be noted that ωe(k) is considered unchanged in the optimization process due to 

the short sampling period. 

2.5 CURRENT RIPPLES BY FCSMPC 

FCSMPC enjoys the merit of quick dynamic response by directly controlling the switching 

states of the inverter. However, the basic FCSMPC suffers from a certain problem, which 
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is the unsatisfactory steady-state performance with large current ripples. The current 

ripples produced by the basic FCSMPC are mainly resulted from the discrete nature of the 

FCS. As illustrated in 2.2, the FCS is constituted of eight discrete voltage vectors, which 

will provide only eight discrete current response possibilities at next sampling instant as 

obtained in (2.5). The optimal voltage vector is selected based on the principle of 

minimizing the cost function. However, it probably cannot reduce the function to zero. In 

other words, the current response generated by applying the selected voltage vector may 

still have difference with the reference current due to the limited voltage vector candidates. 

The current error exists for each sampling interval and then the current ripples start to show 

up. Fig. 2.11 shows an example of the FCSMPC-controlled system behavior regarding d- 

and q-axis current, where the mechanism of the current ripples could be demonstrated 

clearly. 
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Fig. 2.11 The schematic of the current behavior of a FCSMPC controlled system. 



Master Thesis – Guanghan Zhao    McMaster Univ. – Electrical & Computer Engineering 

 

32 

 

The idq(k) is sampled at kth instant and predicted to idq(k+1) for the one-step compensation. 

vi′  i=0, 1, …, 7) denote the seven voltage vector candidates from the FCS (since the current 

variations caused by v0 and v7 are the same, they are demonstrated as one vector candidate 

in the figure). The corresponding seven current responses resulted from the seven voltage 

vector candidates are shown in the figure, among which v2′ delivers the minimum value of 

the cost function compared to other voltage vector candidates and therefore selected as the 

control output. The distinct error between the actual current and the reference current exists 

because v2′ is the optimal choice among FCS but not the ideal vector that eliminates the 

current error. Therefore, it is easily understood that the current error will exist at each 

sampling instant due to implementation of the inaccurate voltage vector selected from the 

limited and fixed discrete control voltage choices in the FCS. The current errors at each 

step are marked using red lines in the figure, which are added up to present as the current 

ripples of the FCSMCP. 

In addition to the analyzation based on the current response demonstration, the mechanism 

of the large current ripples of FCSMPC could also be explained in the vectorial scheme 

with the same theory. The eight basic voltage vectors are presented in Fig. 2.12 while the 

ideal voltage vector as demonstrated in Fig. 2.11 is also depicted in the same figure. It is 

seen that the eight available control voltage vectors provided by FCS could not perfectly 

match the ideal voltage vector, which will result in the current error at each step and hence 

the current ripples. 
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Fig. 2.12 The vectorial diagram for explaining current ripples of FCSMPC. 

In conclusion, the current ripples of the FCSMPC are constituted of the errors between the 

actual current and the reference current at each sampling instant. This drawback is 

attributed to the limited voltage vector candidates provided by the FCS. 

2.6 PERFORMANCE OF THE BASIC FCSMPC IN EXPERIMENTS 

In this section, the steady-state performance and the transient current response of the basic 

FCSMPC will be presented in a few experimental results for an interior permanent magnet 

synchronous machine. Through the experimental curves, the current ripples of the basic 

FCSMPC are demonstrated vividly. 
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2.6.1 EXPERIMENTAL SETUP 

The photograph of the IPMSM drives test bench is depicted in Fig. 2.13. The dyno on the 

test bench is a 5kW induction motor with Yaskawa A-1000 AC Drives as the controller. 

The dyno is back-to-back coupled with the reference IPM motor which is driven by the 

Silicon Carbide MOSFET inverter with dSPACE MicroAutobox II DS1401/1513, in which 

different motor control methods are implemented. The parameters of the IPM motor is 

specified in Table 2.2. In the experiment, the dyno machine is configured in speed control 

mode while the reference IPM motor is controlled in torque control mode. Moreover, the 

current references for the control of the IPM motor are generated based on the MTPA 

criteria corresponding to different torque references. The sampling frequency of the drive 

system is 10 kHz and the applied DC link voltage is 300V. 

 

Fig. 2.13 Experimental bench of the PMSM drive system. 
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Table 2.2 Parameters of the PMSM 

Parameters Value 

Number of poles 10 

Rated current 9.4 A 

Rated torque 29.7 Nm 

Rated speed 600 r/min 

Nominal d-axis inductance 11 mH 

Nominal q-axis inductance 14.3 mH 

Nominal PM flux linkage 0.3333 Wb 

Nominal stator resistance 400 mΩ 

 

2.6.2 PERFORMANCE OF FCSMPC IN EXPERIMENT 

First, the dynamic performance of the basic FCSMPC is demonstrated in Fig. 2.14 and Fig. 

2.15. In each figure, the d- and q-axis currents are provided in two separate subfigures (a) 

and (b) respectively. Fig. 2.14 shows the dynamic performance of d- and q- axis currents 

with the rotor speed transient from standstill to rated speed at 0.05s with no load for the 

basic FCSMPC. It is found that the FCSMPC presents a stable control performance against 

the step change of speed. However, it delivers distinct current ripples on both d- and q- 

axis as analyzed previously in 2.5. Fig. 2.15 shows the current transient responses to a 

stepped change from no load to full load at 0.05s with the machine speed of 100 r/min. It 

is seen in the results that the actual current shows a rapid response when the load suddenly 
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changes, through which the tracking performance of the FCSMPC is validated. 

Nevertheless, large current ripples are evidently seen in both d- and q- axis currents, which 

is in consistent with the theoretical analysis as shown in the previous section. 
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Fig. 2.14 Experimental results of the current responses (a) d-axis and (b) q-axis when speed 

steps from 0 r/min to 600 r/m at no load for the basic FCSMPC. 
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Fig. 2.15 Experimental results of the current responses (a) d-axis and (b) q-axis for step 

change from no load to full load at 100 r/min for the basic FCSMPC. 
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Then, the steady-state performance of the basic FCSMPC at rated speed with rated load is 

exhibited in Fig. 2.16, where the phase-a current and the corresponding harmonic spectrum 

are clearly depicted. As shown in the figure, the distortion of the stator current is easily 

observed, which further reflects the current ripple problem of the FCSMPC. The THD of 

the stator current is 5.05% according to the FFT analysis. 

Fundamental (50Hz) = 11.87 , THD= 5.05%
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Fig. 2.16 Stator current and the corresponding harmonic spectrum at 600 r/min with rated 

load for the basic FCSMPC. 
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Chapter 3  

CONVENTIONAL TECHNIQUES FOR 

CURRENT RIPPLE MINIMIZATION 

3.1 INTRODUCTION 

As analyzed in 2.5, due to the limited available voltage vector candidates and the fixed 

mode of applying only one voltage vector in a sampling interval, the basic FCSMPC suffers 

from large current ripples. The current ripples impact the steady-state performance of the 

system and therefore must be given enough attention. In this chapter, two conventional 

FCSMPC-based methods which are aiming on the reduction on current ripples are 

introduced. The FCSMPC with virtual voltage vectors is presented in 3.2 while the 

FCSMCP with duty cycle control is introduced in 3.3. The principle and the mechanism of 

reducing current ripples of the two conventional methods are elaborated in details. 

Moreover, both steady-state and transient performance of the two conventional methods 

are tested and demonstrated through the experimental results in the corresponding section. 
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3.2 FCSMPC WITH VIRTUAL VOLTAGE VECTORS 

3.2.1 PRINCIPLE OF THE METHOD 

Considering that the limited voltage vector candidates provided by basic FCS is one of the 

main sources of the large current ripples by the basic FCSMPC, the first typical technique 

(i.e. virtual voltage vectors) is introduced in FCSMPC. This method (FCSMPC with virtual 

voltage vectors) reduces the current ripples by increasing the available vector candidates 

in the control set. For demonstration convenience, the method of FCSMPC with virtual 

voltage vectors is referred as FCSMPC-I in the following content. The diagram of the 

FCSMPC-I is shown in Fig. 3.1, in which the key functional blocks are finite control set 

with virtual voltage vectors and optimal voltage vector selection. By elaborating these two 

blocks, the principle of the FCSMPC-I will be clearly depicted. 

idq
ref

Optimal Voltage 

Vector Selection
IPMSM

abc

dq

Pulse

gen.

vopt

iabc[k]idq[k]

θe 

Sa

Sb

Sc

id
ref

iq
ref

Vdc

2L-VSI

3

 Finite Control 

Set with virtual 

voltage vectors

Delay 

Compensation

idq[k+1]

 

Fig. 3.1 The diagram of FCSMPC-I. 
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A. finite control set with virtual voltage vectors 

To be consistent with the whole control scheme and the prediction model of the PMSM, 

the eight basic voltage vectors in stationary frame (v0 to v7) are transformed into the 

synchronous rotating coordinate (denoted as vdq0 to vdq7) as shown in Fig. 3.2, where θe is 

the electrical angular position of the rotor. To realize more available voltage vector 

candidates besides the eight basic voltage vectors in the basic FCS, the concept of virtual 

voltage vector is adopted. In FCSMPC-I, six additional virtual voltage vectors are 

introduced to expand the conventional FCS. 
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Fig. 3.2 Vectorial diagram of the voltage vectors in dq frame for FCSMPC-I. 
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As shown in Fig. 3.2, the six virtual voltage vectors are symmetrically distributed in the 

vector diagram and each of them is pre-synthesized by the two adjacent active voltage 

vectors with equal duty ratio of 50% [61] . For example, the virtual voltage vector vdq8 is 

synthesized by applying each of the basic voltage vectors vdq1 and vdq2 with 0.5Ts in 

sequence in a sampling period. The correspondence between the virtual voltage vectors 

and the basic voltage vectors is concluded in Table 3.1. 

Table 3.1 Correspondence between virtual voltage vectors and basic voltage vectors 

Virtual voltage vectors Pre-synthesized by Gating signal 

vdq8 vdq1 + vdq2 (1, 0.5, 0) 

vdq9 vdq2 + vdq3 (0.5, 1, 0) 

vdq10 vdq3 + vdq4 (0, 1, 0.5) 

vdq11 vdq4 + vdq5 (0, 0.5, 1) 

vdq12 vdq5 + vdq6 (0.5, 0, 1) 

vdq13 vdq6 + vdq1 (1, 0, 0.5) 

 

As compared to the basic FCSMPC, the actual control set utilized in this method is enlarged 

by introducing six more voltage vector candidates, which provides more available choices 

in the selection of the optimal voltage vector and hence achieves the reduction of the 

current ripples. The effect of the additional virtual voltage vectors on the reduction of the 

current ripples will be further analyzed in details in 3.2.2.  
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B. Optimal voltage vector selection 

According to the principle of FCSMPC as illustrated in 2.4, the optimal voltage vector is 

such selected that the cost function is minimized. For the FCSMPC-I which has six 

additional virtual voltage vectors, the optimal voltage vector is selected among the total 

fourteen available voltage vector candidates through thirteen enumerations (the two null 

vectors are considered as one valid vector candidate in the selection process as they produce 

the same current variation). Considering the large computational resources required by the 

normal enumeration-based optimal voltage vector selection method, a quick optimal 

voltage vector selection strategy is adopted in FCSMPC-I. The quick selection method 

avoids the enumerations by integrating the concept of dead beat, which has been widely 

utilized in nowadays literatures [62] [63] [64] [65] . As been clearly illustrated for the 

FCSMPC, the cost function is minimized by the optimal voltage vector selected from the 

control set. Obviously, the theoretical minimum value of the cost function is zero if the 

predicted current equals the reference current at each sampling interval. According to the 

deadbeat, the reference voltage vector (vdq
ref) which guarantees the zero error between the 

predicted current and the reference current could be calculated by replacing idq(k+2) with 

idq
ref in (2.5): 

 {
𝑖𝑑

𝑟𝑒𝑓
= (1 −

𝑅𝑠𝑇𝑠

𝐿𝑑
) 𝑖𝑑

𝑝(𝑘 + 1) +
𝑇𝑠

𝐿𝑑
[𝑣𝑑

𝑟𝑒𝑓(𝑘 + 1) − 𝑒𝑑(𝑘 + 1)]

𝑖𝑞
𝑟𝑒𝑓

= (1 −
𝑅𝑠𝑇𝑠

𝐿𝑞
) 𝑖𝑞

𝑝(𝑘 + 1) +
𝑇𝑠

𝐿𝑞
[𝑣𝑞

𝑟𝑒𝑓(𝑘 + 1) − 𝑒𝑞(𝑘 + 1)]
 (3.1) 
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Next, the vector scheme is equally divided into twelve sectors, where the 12 active voltage 

vectors (including six basic active voltage vectors and six virtual vectors) are located in the 

middle of the corresponding sectors as shown in Fig. 3.2. Apparently, the control accuracy 

is higher if the applied voltage vector is closer to the reference voltage vector [62] [64] . 

Therefore, the active voltage vector which locates in the same sector with the reference 

voltage vector is determined as a preliminary optimal voltage vector. Finally, the optimal 

voltage vector is selected among the preliminary optimal voltage vector candidate and the 

null voltage vector according to the principle of cost function minimization. For example 

in Fig. 3.2, the reference voltage vector is located in the same sector with the vdq8. Thereby, 

vdq8 and one null vector are evaluated by the cost function and the one who presents a 

smaller value of the cost function will be selected as the optimal voltage vector. 

3.2.2 MECHANISM ON REDUCING THE CURRENT RIPPLES 

The benefits on the current ripple reduction by the FCSMPC-I is attributed to the increased 

available voltage vector candidates. For example, the vdq
ref is located in the position as 

demonstrated in Fig. 3.2. For the basic FCSMPC, the basic voltage vector vdq2 is 

determined as the optimal voltage vector and applied in the next step. However, by 

introducing six extra virtual voltage vectors, a more accurate choice vdq8 is available for 

the FCSMPC-I, which will lead to less current error and hence lower current ripples at next 

step. Fig. 3.3 depicts an example of the q-axis current response of the FCSMPC-I, by which 
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the mechanism of the current ripple reduction could be exhibited in a more straightforward 

way.  
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Fig. 3.3 The schematic of the current behavior by FCSMPC-I. 
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As shown in the figure, v1' to v7' denote seven basic voltage vector candidates from FCS 

(the two basic null vectors are considered as one valid vector candidate) while v8' to v13' 

represent six virtual voltage vector candidates. For the basic FCSMPC, the vector candidate 

v3' is selected as the optimal voltage vector among all the basic voltage vectors as it 

provides the minimum error between the predicted current and the reference current. 

However, for the FCSMPC-I, a more accurate vector candidate v10' is available for 

application at next step, which will present less current error and hence lower current 

ripples than v3' as clearly shown in the figure. By adopting the concept of virtual voltage 

vectors, the actual control set utilized in this method is enlarged compared to the basic FCS, 

which provides more available choices in the selection of the optimal voltage vector and 

hence achieves the reduction of the current ripples. The effect of the current ripple 

reduction will be verified in the experimental results in 3.2.4. 

3.2.3 LIMITATION 

The FCSMPC-I achieves current ripple reduction by introducing six virtual voltage vectors. 

However, the reduction effect of FCSMPC-I is limited under the condition of low rotor 

speed, which is clearly demonstrated in the diagram as shown in Fig. 3.4. For example, the 

reference voltage vector vdq
ref is located in the same sector with the virtual voltage vector 

vdq8. When the motor runs at high speed, the back EMF is large, which means the 

magnitude of the reference voltage vector vdq
ref is relatively large according to (3.1). By 

selecting the virtual voltage vector vdq8 as the optimal voltage vector, the current ripples of 
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FCSMPC-I will be distinctly reduced as vdq8 is located much closer to vdq
ref than the basic 

voltage vectors vdq1 and vdq2. However, when the rotor rotates at low speed, the magnitude 

of vdq
ref is relatively smaller due to the small back emf, as clearly shown in Fig. 3.4. Under 

this circumstance, the advantage of virtual voltage vectors cannot be evidently exhibited 

because all the vector candidates (including basic and virtual voltage vectors) are located 

far away from the reference voltage vector, which will significantly limit the current ripple 

reduction effect of the FCSMPC-I. This limitation of the FCSMPC-I will be verified and 

demonstrated in the experimental results in 3.2.4. 
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Fig. 3.4 Diagram for demonstrating the limitation of FCSMPC-I. 
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3.2.4 PERFORMANCE OF FCSMPC-I IN EXPERIMENT 

The dynamic and steady-state performance of the FCSMPC-I are shown in the following 

experimental results, where the effect of the current ripple reduction of the FCSMPC-I can 

also be observed. For comparison purpose, the experiments for the FCSMPC-I are carried 

out under the same conditions as for the basic FCSMPC in 2.6.  

The dynamic performance of FCSMPC-I is demonstrated in Fig. 3.5 and Fig. 3.6. Fig. 3.5 

shows the dynamic performance of d- and q- axis currents with the rotor speed transient 

from standstill to rated speed at 0.05s with no load. By keeping the merit of the basic 

FCSMPC, the FCSMPC-I presents a stable control performance against the step change of 

speed. Moreover, it delivers smaller current ripples than the basic FCSMPC as presented 

in 2.6, which is observed more clearly on the d-axis current. Fig. 3.6 shows the current 

transient responses to a stepped change from no load to full load at 0.05s with the machine 

speed of 100 r/min. It is seen that the actual current tracks the reference current closely 

when the load suddenly changes, which is similar to the dynamic response of the FCSMPC. 

However, the effect of the current ripple reduction is not distinct for the FCSMPC-I as 

shown in the results, which reflects the limitation of the FCSMPC-I at low speed as 

analyzed in 3.2.3.  
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Fig. 3.5 Experimental results of the current responses (a) d-axis and (b) q-axis when speed 

steps from 0 r/min to 600 r/m at no load for FCSMPC-I. 
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Fig. 3.6 Experimental results of the current responses (a) d-axis and (b) q-axis for step 

change from no load to full load at 100 r/min for FCSMPC-I. 

The steady-state performance of the FCSMPC-I at rated speed with rated load is 

demonstrated in Fig. 3.7, where the phase-a current and the corresponding harmonic 

spectrum are clearly depicted. As shown in the figure, the harmonics on the stator current 

are easily seen. However, a lower THD of 4.31% is observed for the FCSMPC-I as 
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compared to the 5.01% of the FCSMPC as previously presented, which validates the 

improved steady-state performance by the FCSMPC-I. 
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Fig. 3.7 Stator current and the corresponding harmonic spectrum at 600 r/min with rated 

load for FCSMPC-I.  

3.3 FCSMPC WITH BASIC DUTY CYCLE CONTROL 

3.3.1 PRINCIPLE OF THE METHOD 

For the basic FCSMPC, only one of the eight basic voltage vectors is selected and applied 

during a control period, which may not reduce the cost function to a minimal value and 

therefore causes large current ripples. Regarding this, the second typical technique (i.e. 



Master Thesis – Guanghan Zhao    McMaster Univ. – Electrical & Computer Engineering 

 

50 

 

duty cycle control) is introduced to FCSMPC, which improves the steady-state 

performance by adopting the concept of duty cycle. In other words, this method (FCSMPC 

with duty cycle control) utilizes a more flexible control mode of applying two voltage 

vectors in a sampling period- one active voltage vector together with one null voltage 

vector [65] . For demonstration convenience, the method of FCSMPC with duty cycle 

control is referred as FCSMPC-II in the following content. Fig. 3.8 shows the diagram of 

the FCSMPC-II.  
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Fig. 3.8 The diagram of FCSMPC-II. 

Based on the diagram, the basic principle of the FCSMPC-II is simply described by the 

main functional blocks: 1) Selection of optimal voltage vector among the six basic active 

voltage vectors; 2) Calculation of the duration time of the optimal voltage vector. By 

elaborating these two key blocks, the principle of the FCSMPC-II will be clearly depicted.  
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A. optimal voltage vector selection 

For the FCSMPC-II, the quick optimal voltage vector selection method is adopted for a 

similar concern of avoiding the high computational load brought by the enumerations. 

Similar to the theory presented in 3.2.1-B, the vector scheme is equally divided into six 

sectors, where the six active voltage vectors are located in the middle of the corresponding 

sectors as shown in Fig. 3.9. 
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Fig. 3.9 Vectorial diagram of FCSMPC-II. 

The reference voltage vector is calculated and located in the vector-sector scheme in the 

similar way as previously illustrated. The active voltage vector, which locates in the same 



Master Thesis – Guanghan Zhao    McMaster Univ. – Electrical & Computer Engineering 

 

52 

 

sector with the reference voltage vector, will be selected as the optimal active voltage 

vector. The further comparison between the selected active voltage vector and the null 

vectors are no longer required, as the null voltage vectors are utilized together with the 

selected active voltage vector in every sampling interval. Since there are two null vectors 

available (i.e. v0(000) and v7(111)), it is worth discussing which one of the null vectors is 

going to be selected as a companion to the optimal active vector. As acknowledged, the 

switching state is updated every time when the applied voltage vector is changed. Moreover, 

the frequent and unnecessary switching will increase the switching loss of the system and 

shorten the life span of the power switches. Given to this fact, the selection of the null 

vectors is based on the principle that the switching commutations are minimized between 

the optimal active voltage vector and the null voltage vector in a sampling interval [66] 

[67] . For example, when the optimal active voltage vector is determined as v1(100), the 

application of the null vector v0(000) will lead to only one switching while v7(111) will 

result in the switching on two phases. Therefore, v1 will be selected as the companion null 

vector with the optimal active vector. In conclusion, the active voltage vectors v1(100), 

v3(010) and v5(001) will be followed by the null vector v0(000), while the active voltage 

vectors v2(110), v4(011) and v6(101) will be accompanied by the null vector v7(111). 

According to this principle, the switching frequency and hence the switching loss will be 

effectively reduced. 
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B. duty ratio calculation of the optimal voltage vector 

In FCSMPC-II, the selected optimal active voltage vector will be applied in a certain 

duration of a sampling period and the null voltage vectors will be applied for the rest of the 

time in the same sampling interval. The duty ratio is defined as the division of the duration 

time of the optimal voltage vector by the sampling period Ts. Considering that the reference 

voltage vector guarantees the zero error between the predicted current and the reference 

current, the duty ratio for the FCSMPC-II is calculated based on the principle that the error 

between the reference voltage vector and the optimal active voltage vector is minimized 

[63] [64] . Thereby, the duty ratio of FCSMPC-II is calculated as: 

 𝑑𝑜𝑝𝑡 =
𝑣𝑑𝑞

𝑟𝑒𝑓
∙ 𝑣𝑜𝑝𝑡

|𝑣𝑜𝑝𝑡|
2  (3.2) 

Definitely, the optimal active voltage vector will be applied in a duration of dopt·Ts and the 

null voltage vector is applied during the rest time (1-dopt) ·Ts. By concluding the effect of 

both the null vector and the optimal active voltage vector in a control interval, the actual 

voltage vector applied at next control step can be represented as: 

 𝑣𝑎𝑐𝑡 = 𝑑𝑜𝑝𝑡 ⋅ 𝑣𝑜𝑝𝑡 + (1 − 𝑑𝑜𝑝𝑡) ⋅  𝑣𝑛𝑢𝑙𝑙 (3.3) 

The mechanism of implementing the duty cycle control on the reduction of the current 

ripples will be elaborated in the next section. 
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3.3.2 MECHANISM ON REDUCING THE CURRENT RIPPLES 

The benefits on the current ripple reduction by the FCSMPC-II is attributed to the flexible 

control mode, which adopts the concept of duty cycle control by applying one null voltage 

vector together with one active voltage vector in a sampling interval. By introducing the 

null voltage vectors, the optimal voltage vector can be flexibly applied in the right 

proportion of the sampling interval, which actually provides more accurate control choices 

in each control interval. For example, vdq
ref is located in the position as demonstrated in  

Fig. 3.9. For the basic FCSMPC, the active voltage vector vdq2 is selected and directly 

applied in a full sampling interval, which significantly deviates from the reference voltage 

vector and hence results in low control accuracy with large current ripples. However, by 

adopting the concept of duty cycle control, the optimal voltage vector vdq2 is only applied 

in a regulated proportion of the sampling period when the null voltage vector occupies the 

rest of the time. The actual applied voltage vector is demonstrated using the red vector as 

shown in Fig. 3.9. Obviously, it locates closer to the reference voltage vector and therefore 

results in higher control accuracy and presents lower current ripples. 

The effect of adopting the duty cycle control could be demonstrated through another 

perspective by analyzing the current response caused by the null voltage vectors. 

According to the prediction model in (2.4), the current variations caused by the null voltage 

vectors can be represented as: 
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 {

𝑑𝑖𝑑(𝑡)

𝑑𝑡
= −𝑅𝑠𝑖𝑑(𝑡) − 𝑒𝑑(𝑘)

𝑑𝑖𝑞(𝑡)

𝑑𝑡
= −𝑅𝑠𝑖𝑞(𝑡) − 𝑒𝑑(𝑘)

 (3.4) 

It is clearly seen that the current will always decrease by applying the null voltage vectors. 

Therefore, the null voltage vectors could be used to adjust the extra current variation caused 

by the active voltage vectors. Fig. 3.10 depicts an example of the q-axis current response 

of the FCSMPC-II, by which the mechanism of the current ripple reduction could be 

exhibited in a straightforward way. 
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Fig. 3.10 The schematic of the current behavior by FCSMPC-II. 
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As shown in the figure, v1' to v7' denote seven basic voltage vector candidates from FCS 

(the two basic null vectors are considered as one valid vector candidate). According to the 

principle of the basic FCSMPC, the vector candidate v3' is selected as the optimal voltage 

vector. By applying v3' in a full sampling period, the q-axis current reaches the reference 

value first, however continuously rises up and finally exceeds the reference current with a 

large error at next instant. On the contrary, by adjusting the current variation using the null 

voltage vectors, the q-axis current of FCSMPC-II achieves mild variation and hence 

presents smaller current ripples as clearly shown in the figure. By adopting the concept of 

duty cycle control, the application duration of the optimal voltage vector can be flexibly 

adjusted in this method as compared to the basic FCSMPC, which achieves mild current 

variations and hence reduces the current ripples. 

3.3.3 LIMITATION 

By utilizing one null voltage vector and one active voltage vector in a sampling period, the 

current ripples by FCSMPC-II are effectively reduced. However, the ripple reduction effect 

of FCSMPC-II is limited at high rotor speed, which is clearly demonstrated in the diagram 

as shown in Fig. 3.11. For example, the reference voltage vector vdq
ref is located between 

the basic voltage vectors vdq1 and vdq2, among which the vdq1 is selected as the optimal 

voltage vector as it locates closer to vdq
ref. When the motor runs at low speed, the back EMF 

is small, which means the magnitude of the reference voltage vector vdq
ref is relatively small 

according to (3.1). By properly calculating the duty ratio of the optimal voltage vector vdq1 
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in (3.2), the actually applied voltage vector vopt1 could be located very close to vdq
ref as 

shown in the figure, which will lead to higher control performance with distinct reduction 

on the current ripples. However, when the rotor rotates at high speed, the magnitude of 

vdq
ref is relatively larger due to the large back emf, as clearly shown in Fig. 3.11. Under this 

circumstance, the advantage of utilizing the null voltage vectors cannot be fully exhibited. 

Even by regulating vdq1 with a properly calculated duty ratio, the actually applied voltage 

vector vopt2 is far away from the reference voltage vector, which will greatly limit the 

current ripple reduction effect of FCSMPC-II. This limitation of FCSMPC-II will be 

verified and demonstrated in the experimental results in 3.3.4. 

vdq1

vdq2

vdq
ref

vdq
ref

vopt2

d

q

vopt1

High speed

low speed

 

Fig. 3.11 Diagram for demonstrating the limitation of FCSMPC-II. 
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3.3.4 PERFORMANCE OF FCSMPC-II IN EXPERIMENT 

The dynamic and steady-state performance of the FCSMPC-II are demonstrated in the 

following experimental results, where the effect of the current ripple reduction of the 

FCSMPC-II can also be observed. For comparison purpose, the experiments for the 

FCSMPC-II are carried out under the same conditions as for the basic FCSMPC in 2.6. 

The dynamic performance of FCSMPC-II is demonstrated in Fig. 3.12 and Fig. 3.13. Fig. 

3.12 shows the dynamic performance of d- and q- axis currents with the rotor speed 

transient from standstill to rated speed at 0.05s with no load. As compared to the basic 

FCSMPC as presented in 2.6, the FCSMPC-II shows a similar dynamic control 

performance against the step change of speed while effectively reduces the current ripples. 

However, the current ripples on the d-axis are still large, which is mainly due to the 

limitation of the FCSMPC-II at high speed as analyzed in 3.3.3. Fig. 3.13 shows the current 

transient responses to a stepped change from no load to full load at 0.05s with the machine 

speed of 100 r/min. As shown in the figure, the FCSMPC-II shows good tracking 

performance when the load changes, while it presents an overshoot on the d-axis current 

which may come from uncertain vibration on the motor. Moreover, an obvious current 

ripple reduction is clearly observed on both d- and q- axis for the FCSMPC-II as compared 

to the basic FCSMPC.  
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Fig. 3.12 Experimental results of the current responses (a) d-axis and (b) q-axis when speed 

steps from 0 r/min to 600 r/m at no load for FCSMPC-II. 
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Fig. 3.13 Experimental results of the current responses (a) d-axis and (b) q-axis for step 

change from no load to full load at 100 r/min for FCSMPC-II. 

The steady-state performance of the FCSMPC-II at rated speed with rated load is presented 

in Fig. 3.14, where the phase-a current and the corresponding harmonic spectrum are 

clearly depicted. As compared to the basic FCSMPC as shown in 2.6.2, the stator current 

of FCSMPC-II is observed to be more sinusoidal with less distortion. According to the FFT 
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analysis, a lower THD of 3.40% is observed for the FCSMPC-II as compared to the 5.01% 

of the basic FCSMPC as previously presented, which validates the improved steady-state 

performance by the FCSMPC-II. 
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Fig. 3.14 Stator current and the corresponding harmonic spectrum at 600 r/min with rated 

load for FCSMPC-II. 
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Chapter 4  

PROPOSED INTEGRATED DUTY 

CYCLE AND FINITE VIRTUAL 

VOLTAGE VECTOR TECHNIQUE 

4.1 INTRODUCTION 

As illustrated before, FCSMPC is a simple and effective control scheme for PMSM drives. 

However, it faces certain problem such as large current ripples and unsatisfactory steady-

state performance. To reduce the current ripples, the concept of duty cycle is introduced in 

FCSMPC-II as presented in 3.3. In this method, one null voltage vector is applied in 

company with one active voltage so that the active voltage vector is applied in the right 

proportion of the sampling period. It achieves moderate current variations than that of the 

basic FCSMPC. However, relatively large current ripples still exist, because, the duty ratio 

is only applied to the six basic active voltage vectors as adopted in the basic FCSMPC, so 

that the choices of the output voltage candidates are still limited. To obtain more output 

voltage vector candidates, the available control vectors are expanded in FCSMPC-I, as 
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presented in 3.2. However, it does not take the full advantage of duty cycle and therefore 

fails to achieve distinct improvement on the current ripple reduction. 

This chapter proposes an improved FCSMPC method with integrated duty cycle and finite 

virtual voltage vector technique to achieve current ripple minimization for high 

performance control of PMSM drives. In the proposed method, six symmetrically located 

virtual voltage vectors are generated and then introduced in addition to the six original 

active voltage vectors to expand the finite control set. Then, one optimal voltage vector is 

selected according to the enumeration-based principle of current cost function 

minimization. Compared to the basic FCSMPC, the proposed method is proven to cause 

no additional computation load but can deliver higher control accuracy. Finally, the 

corresponding duty ratio of the optimal voltage vector is decided based on a straightforward 

principle with a computationally efficient algorithm. The principle of the proposed method 

is introduced in 4.2. The mechanism of the proposed method on reducing current ripples is 

elaborated in 4.3. In 4.4, the performance of the proposed method is verified through the 

results in MATLAB Simulink. Furthermore in 4.5, the proposed method is comparatively 

studied with FCSMPC-I and FCSMPC-II and its benefits are confirmed by the 

experimental results for the reference IPMSM drive system. Finally, a supplementary 

analysis is given on the difference between the proposed optimal vector selection method 

and the conventional quick selection method, which will further prove the higher accuracy 

of the proposed method. 
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4.2 PRINCIPLE OF THE METHOD 

The control diagram of the proposed method is shown in Fig. 4.1, which mainly comprises 

of current prediction, finite control set expansion, cost function minimization/optimal 

voltage vector selection, duty ratio calculation and pulse generation. The torque reference 

is given to calculate the d-axis and q-axis current reference based on the criteria of 

maximum torque per ampere (MPTA). Moreover, all the variables in the control scheme 

are transformed into the synchronous rotating frame to perform field-oriented control. For 

demonstration convenience, the proposed method is referred as Proposed-I in the following 

content. The detailed introduction of the main functional blocks of Proposed-I are 

elaborated as follows. 
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Fig. 4.1 The diagram of Proposed-I. 
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A. Expansion of the basic FCS 

For a two-level voltage source inverter, there are eight basic switching states (including six 

active voltage vectors and two null voltage vectors), which constitute the conventional 

finite control set of FCSMPC as illustrated in Chapter 2. The eight basic voltage vectors in 

the stationary reference frame (v0 to v7) are transformed in the rotor synchronous frame 

(denoted as vdq0 to vdq7) as shown in Fig. 4.2, where the angle between vdq1 and the d-axis 

is denoted as θ, which represents the electrical angular position of the rotor. Since the basic 

FCSMPC adopts only the eight basic voltage vectors in each sampling interval, it inevitably 

leads to poor approximation of the exact voltage required to precisely track the reference 

current (such as in vector control), and therefore results in large current ripples. 
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Fig. 4.2 Vectorial diagram of Proposed-I. 
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To realize more available voltage vector candidates, the conventional finite control set is 

expanded by introducing six additional virtual voltage vectors (denoted as vdq8 to vdq13) as 

shown in Fig. 4.2. The six virtual vectors are symmetrically distributed in the vector 

diagram and each of them is pre-synthesized by the two adjacent active voltage vectors 

with equal duty ratio of 50%. The enlarged control set provides more choices of the control 

voltage when evaluating the objective cost function, which will definitely improve the 

control accuracy. 

B. Optimal voltage vector selection 

With the aim to minimize current ripples, the principle of the Proposed-I is to select one 

voltage vector which minimizes the current-error-based cost function (4.1). Considering 

the one-step delay compensation, the currents predicted at (k+2)th step are used in the 

calculation. 

 𝐽 = |𝑖𝑑𝑞
𝑟𝑒𝑓

− 𝑖𝑑𝑞(𝑘 + 2)|
2
 (4.1) 

where 

 𝑖𝑑𝑞
𝑟𝑒𝑓

= [
𝑖𝑑

𝑟𝑒𝑓

𝑖𝑑
𝑟𝑒𝑓

] (4.2) 

 𝑖𝑑𝑞(𝑘 + 2) = [
𝑖𝑑(𝑘 + 2)

𝑖𝑞(𝑘 + 2)
] (4.3) 
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For the proposed method, six idq(k+2) are first predicted for the six basic active voltage 

vectors, among which the two voltage vectors that present the minimum and subminimum 

values of the cost function J will be selected as the optimal vector candidates. Then, the 

virtual voltage vector that locates between these two optimal vector candidates is selected 

as the third optimal vector candidate and evaluated by (4.1). Finally, the optimal vector 

candidate that presents the minimal value of the cost function J is selected as the optimal 

non-zero voltage vector. It should be noted that the null vector is not enumerated in the 

optimal vector selection since it is applied in each sampling period to adjust the amplitude 

of the optimal voltage vector, which will be elaborated in part C of this sub-section. For 

Proposed-I, the optimal voltage vector is selected among fourteen voltage vector 

candidates through only seven enumerations while the conventional FCSMPC also requires 

the same number of enumerations to evaluate eight voltage vectors. Compared to the basic 

FCSMPC, the Proposed-I causes no computational load but exhibits higher control 

accuracy and much better steady-state performance. 

C. Duty cycle calculation 

In the proposed method, a null vector is applied in combination with the optimal voltage 

vector in each sampling period to achieve further improvement on the steady-state 

performance. After obtaining the optimal non-zero voltage vector, the next step is the 

determination of its optimal duty ratio. 
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As shown in the part B, the optimal voltage vector (vopt) is selected such as the cost function 

(4.1) is minimized. Obviously, the theoretical minimal value of (4.1) is zero and it can be 

achieved by applying a reference voltage vector, which is obtained according to the same 

equation as presented in (3.1). Then, the duty ratio of the optimal voltage vector is 

calculated based on the principle that the error between the reference voltage vector and 

the optimal voltage vector is minimal. Instead of utilizing vector calculations as in 

FCSMPC-II, a more concise and efficient way is adopted to obtain the duty ratio for the 

Proposed-I. As shown in Fig. 4.2, a line from the reference voltage vector is projected 

vertically to the optimal voltage vector. The division of the corresponding projection of 

vdq
ref by the magnitude of the optimal voltage vector is determined as the optimal duty ratio: 

 𝑑𝑜𝑝𝑡 =
|𝑣𝑑𝑞

𝑟𝑒𝑓
|∙𝑐𝑜𝑠𝛼

|𝑣𝑜𝑝𝑡|
 (4.4) 

where α is defined as the angle between the reference voltage vector and the optimal non-

zero voltage vector. 

4.3 MECHANISM ON REDUCING THE CURRENT RIPPLES 

By integrating the merits of both virtual voltage vectors and duty cycle control, the 

Proposed-I achieves distinct current ripple reduction. By introducing the virtual voltage 

vectors, the actual control set is expanded, which provides more available voltage vector 

candidates for the optimal vector selection. With the further integration of duty cycle 
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control, the optimal voltage vector selected from the enlarged control set can be flexibly 

applied in the optimal proportion of the sampling interval, which further improves the 

control accuracy. For example, vdq
ref is located in the position as demonstrated in Fig. 4.2. 

For the basic FCSMPC, the basic voltage vector vdq2 is selected as the optimal voltage 

vector and applied at next step. However, for Proposed-I, a more accurate choice vdq9 is 

first selected as the substitute for the vdq2, and then applied in an optimal proportion of the 

sampling period. The actual applied voltage vector is demonstrated using the red vector as 

shown in Fig. 4.2. Obviously, it locates closer to the reference voltage vector and therefore 

results in higher control accuracy.  

Fig. 4.3 depicts an example of the q-axis current response of the Proposed-I, by which the 

mechanism of the current ripple reduction could be exhibited in a more straightforward 

way. To demonstrate the better performance of the Proposed-I, the mechanisms of the 

conventional techniques are also presented in the figure. As shown in the figure, v1' to v4' 

denote four basic voltage vector candidates, while v5' to v7' represent three virtual voltage 

vector candidates. Moreover, the current predictions corresponding to the voltage vector 

candidates are clearly shown in the figure. For the basic FCSMPC, the vector candidate v3' 

is selected as the optimal voltage vector among all the basic voltage vectors as it provides 

the minimum error between the predicted current and the reference current. However, for 

FCSMPC-I, a more accurate voltage vector v6' would be selected as the optimal voltage 

vector instead, which provides less current error and lower current ripples. For the case of 
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FCSMPC-II, the vector candidate v3' is selected as the optimal voltage vector as similar to 

the basic FCSMPC, while it is only applied in a regulated proportion of a sampling interval. 

As shown in Fig. 4.3, the current ripple presented by FCSMPC-II is even lower than the 

previous two methods. Finally, for Proposed-I, the more accurate vector candidate v6' is 

first selected as the optimal voltage vector, and then applied in the right proportion of a 

sampling period according to an optimal duty ratio. Obviously, the current error and current 

ripples are further reduced for Proposed-I as compared to the previous techniques as clearly 

demonstrated in Fig. 4.3. 
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Fig. 4.3 The mechanism of the current ripple reduction by Proposed-I. 



Master Thesis – Guanghan Zhao    McMaster Univ. – Electrical & Computer Engineering 

 

70 

 

Unlike FCSMPC-I and FCSMPC-II whose performance are limited at low speed and high 

rotor speed respectively, the Proposed-I presents effective current ripple reduction effect 

at whole speed range as shown in Fig. 4.4. When the motor runs at low speed, the effect of 

implementing the duty ratio is more distinct, which will effectively regulate the magnitude 

of the applied voltage vector to an optimal value. When the rotor speed is high, the 

advantage of the introduced virtual voltage vector will exhibit more evidently, which 

provides more accurate vector candidates so that the current ripples could be further 

reduced, as clearly shown in Fig. 4.4. By integrating the virtual voltage vectors and the 

concept of duty cycle control, the Proposed-I achieves higher control accuracy with distinct 

current ripple reduction, which will be verified through simulation and experimental results 

in 4.4 and 4.5. 
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Fig. 4.4 Diagram for Proposed-I under high speed and low speed conditions. 
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4.4 SIMULATION RESULTS 

The performance of the Proposed-I for a PMSM drive is first verified through simulations 

in MATLAB Simulink. The mathematical model of the IPM machine is built in Simulink 

by strictly following the parameters as shown in Table 2.2. To be consistent with the 

experimental environment as presented in 2.6.1, the sampling frequency of the simulation 

is configured as 10 kHz and the applied DC link voltage value is set as 300 V. 

Fig. 4.5 shows the dynamic performance of d- and q- axis currents with the rotor speed 

transient from standstill to rated speed at 0.05s with no load. In Fig. 4.5, d-axis current and 

q-axis current for four methods are provided in two separate subfigures as shown in (a) and 

(b). It can be seen that the Proposed-I presents a stable control performance against the step 

change of speed, while reduces the current ripples especially on q-axis as compared to that 

of the basic FCSMPC as demonstrated in 2.6. Fig. 4.6 shows the current transient responses 

to a stepped change from no load to full load at 0.05s with the machine speed of 100 r/min. 

As shown in the figure, the actual current tracks the reference current closely when the load 

suddenly changes, which proves the dynamic response of the Proposed-I. Moreover, very 

small current ripples are observed for both d- and q-axis currents, by which the current 

ripple reduction effect is verified for the Proposed-I.  
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Fig. 4.5 Simulation results of the current responses (a) d-axis and (b) q-axis when speed 

steps from 0 r/min to 600 r/min at no load for Proposed-I. 
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Fig. 4.6 Simulation results of the current responses (a) d-axis and (b) q-axis for the step 

change from no load to full load at 100 r/min for Proposed-I. 

The performance of the Proposed-I will be further validated through experimental results 

in the next section, where more test conditions are applied and more analysis are given. 
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4.5 EXPERIMENTAL RESULTS 

4.5.1 TRANSIENT AND STEADY-STATE PERFORMANCE 

In this section, the steady-state and transient performance of the Proposed-I is validated 

through experiments under different conditions. Moreover, the basic FCSMPC, FCSMPC-

I and FCSMPC-II are also experimentally tested as the comparisons for the Proposed-I 

under the same conditions. The experimental results for the four techniques are 

comparatively studied and analyzed, through which the effectiveness of the Proposed-I is 

confirmed. The experimental environment and the configurations are exactly the same as 

presented in 2.6.1. 

First, the response of d- and q-axis currents with speed transient from 0 r/min to the rated 

speed at 0.05s with no load for the basic FCSMPC, FCSMPC-I, FCSMPC-II and Proposed-

I are illustrated in Fig. 4.7. In Fig. 4.7, d-axis current and q-axis current for four methods 

are provided in two separate subfigures as shown in (a) and (b). It is seen that the current 

ripples delivered by the Proposed-I in experiment are consistent with simulation results as 

shown in Fig. 4.5. Moreover, compared to the basic FCSMPC, FCSMPC-I and FCSMPC-

II, the Proposed-I shows similar dynamic performance while presents much lower current 

ripples. Similar results can also be observed in Fig. 4.8, where the rotor speed steps from 

300 r/min to 600 r/min at 0.1s with 25% load on the machine. There is no distinct difference 

in dynamic performance of the Proposed-I, basic FCSMPC, FCSMPC-I and FCSMPC-II, 
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while obvious reduction on the current ripples is easily seen for the Proposed-I, which leads 

to a considerable improvement on the steady-state performance. Fig. 4.9 shows the 

transient responses for speed reversion at ±300 rpm at 0.1s when there is 25% load on the 

machine. It is demonstrated that the dynamic performance of the basic FCSMPC, 

FCSMPC-I, FCSMPC-II and the Proposed-I are very similar to each other, while the 

proposed method still delivers more satisfied steady-state performance than the other three 

FCSMPC methods in terms of lower current ripples. 

Second, the current transient responses against step change of load for the four methods 

are investigated and shown in Fig. 4.10 and Fig. 4.11. Fig. 4.10 shows the dynamic 

responses to a step change from no load to full load at 0.05s where the machine runs at a 

low speed of 100 r/min. As shown in the figure, the Proposed-I presents similar current 

ripples as compared to the simulation results shown in Fig. 4.6. Moreover, it could be 

observed more distinctly than the previous results that the dynamic performance for the 

three methods are very close to each other. Nevertheless, it should be also noted that the 

Proposed-I has much smaller overshoot on the currents when the load changes, and it also 

presents lower current ripples. Similar results are also found in Fig. 4.11, which shows the 

current transient responses of load reversion at negative and positive half load at 0.1s where 

the machine still runs at 100 r/min. The Proposed-I presents obvious reduction on current 

ripples while maintains similar dynamic response to that of other methods. These results 

validate that the proposed method achieves better steady-state performance with low 
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current ripples than the conventional FCSMPC and FCSMPC with duty cycle without 

affecting the dynamic performance. 
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Fig. 4.7 Experimental results of the current responses (a) d-axis and (b) q-axis when speed 

steps from 0 r/min to 600 r/min at no load for Proposed-I. 
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Fig. 4.8 Experimental results of the current responses (a) d-axis and (b) q-axis when speed 

steps from 300 r/min to 600 r/min at 25% load for Proposed-I. 
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Fig. 4.9 Experimental results of the current responses (a) d-axis and (b) q-axis when speed 

steps from -300 r/min to 300 r/min at 25% load for Proposed-I. 
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Fig. 4.10 Experimental results of the current responses (a) d-axis and (b) q-axis for the step 

change from no load to full load at 100 r/min for Proposed-I. 
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Fig. 4.11 Experimental results of the current responses (a) d-axis and (b) q-axis for the step 

change from negative half load to positive half load at 100 r/min for Proposed-I. 
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Finally, the phase-a current and the corresponding harmonic spectrum of the Proposed-I is 

demonstrated in Fig. 4.12, by which the steady-state performance of the Proposed-I at rated 

speed with rated load is further tested. It is observed in the figure that the stator current of 

the Proposed-I shows a much lower THD of only 2.10% than the 5.05% presented by the 

basic FCSMPC as shown in Fig. 2.16. Moreover, the THD of the stator current of the 

different techniques will be fully analyzed and compared in Chapter 5. 
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Fig. 4.12 Stator current and the corresponding harmonic spectrum at 600 r/min with rated 

load for Proposed-I. 
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4.5.2 PARAMETER SENSITIVITY ANALYSIS 

In this subsection, the effect of the parameter variations on the proposed method is 

experimentally verified and presented in Fig. 4.13 to Fig. 4.16. These variations are made 

on the nominal values of the parameters used in the prediction model of the reference IPM 

machine. The d- and q-axis current responses to the variations in the parameters are 

demonstrated at 100 r/min with half the rated load reversal. As seen in Fig. 4.13, the 

variations in d-axis inductance by ±25% do not have any significant effects on both the d- 

and q- axis current responses as compared to the nominal case. It is found in Fig. 4.14 that 

an increase of q-axis inductance by 25% shows no distinct effects on the q-axis current 

while decreases the d-axis current by approximately 0.06 A. Moreover, the decrease of q-

axis inductance by 25% does not cause much effect on the q-axis current while rises the d-

axis current by around 0.06 A. As shown in Fig. 4.15, the variations in resistance by ±50% 

exhibits negligible influence on both d- and q-axis current. As presented in Fig. 4.16, the 

effect of the variations in permanent magnet flux by ±25% is negligible on the d-axis 

current response. On the contrary, deviations in the q-axis current with respect to nominal 

case are clearly seen. Apart from slight offset and increase in current ripples, the proposed 

method shows robust control performance with variations in parameters. 
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Fig. 4.13 Experimental results of the current responses (a) d-axis and (b) q-axis against 

±25% variation in Ld for the step change from negative half load to positive half load at 

100 r/min for Proposed-I. 
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Fig. 4.14 Experimental results of the current responses (a) d-axis and (b) q-axis against 

±25% variation in Lq for the step change from negative half load to positive half load at 

100 r/min for Proposed-I. 
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Fig. 4.15 Experimental results of the current responses (a) d-axis and (b) q-axis against 

±50% variation in Rs for the step change from negative half load to positive half load at 

100 r/min for Proposed-I. 
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Fig. 4.16 Experimental results of the current responses (a) d-axis and (b) q-axis against 

±25% variation in ψr for the step change from negative half load to positive half load at 

100 r/min for Proposed-I. 
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4.6 DIFFERENCE BETWEEN THE OPTIMAL VOLTAGE VECTOR AND THE 

ADJACENT VOLTAGE VECTOR 

It is noted that the enumeration-based optimal voltage vector selection method is used for 

Proposed-I, instead of the quick optimal vector selection method as illustrated in 3.2. The 

difference between the two optimal vector selection methods is studied and analyzed in 

this subsection, through which the enumeration-based method is proved to provide higher 

accuracy for Proposed-I for the IPM machine. 

For the enumeration-based optimal voltage vector selection method that is adopted in 

Proposed-I, the active voltage vector which minimizes the current-error-based cost 

function will be selected as the optimal non-zero voltage vector. For the quick optimal 

voltage vector selection method which adopts the concept of deadbeat, the active voltage 

vector which is located in the same sector with the reference voltage vector will be directly 

selected as the optimal non-zero voltage vector. In other words, the voltage vector that is 

located most adjacent to the reference voltage vector is quickly chosen as the optimal one. 

Considering the aim of current ripple minimization, the selected optimal voltage vector in 

a sampling interval should always be the one that could minimize the error between the 

predicted current and the reference current among the whole control set. Given to this 

principle, the voltage vector selected by the enumeration-based method is always the 

optimal vector while the adjacent voltage vector selected by the quick selection method is 

not guaranteed at all conditions. Firstly, the theoretical analyzation is conducted. 
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According to (2.9) and (3.1), the current-error-based cost function (4.1) of the Proposed-I 

could be rewritten as: 

 𝐽 = |𝑖𝑑𝑞
𝑟𝑒𝑓

− 𝑖𝑑𝑞(𝑘 + 2)|
2

= |[
𝑖𝑑

𝑟𝑒𝑓
− 𝑖𝑑(𝑘 + 2)

𝑖𝑞
𝑟𝑒𝑓

− 𝑖𝑞(𝑘 + 2)
]|

2

 (4.5) 

where 

 (𝑖𝑑
𝑟𝑒𝑓

− 𝑖𝑑(𝑘 + 2)) = (𝑣𝑑
𝑟𝑒𝑓(𝑘 + 1) − 𝑣𝑑)𝑇𝑠/𝐿𝑑 (4.6) 

 (𝑖𝑞
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𝑟𝑒𝑓(𝑘 + 1) − 𝑣𝑞)𝑇𝑠/𝐿𝑞 (4.7) 

Therefore, the following equation is obtained: 
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 (4.8) 

For a SPM machine where Ld=Lq=Ls, the equation (4.8) could be further simplified as: 

 |[
𝑖𝑑
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𝑣𝑞
𝑟𝑒𝑓(𝑘 + 1) − 𝑣𝑞

]|

2

 (4.9) 

Apparently for an SPM machine according to (4.9), the active voltage vector that locates 

the most adjacent to the reference voltage vector is the optimal non-zero voltage vector that 

minimizes the current-error-based cost function. At this situation, the optimal voltage 

vector selected by the quick selection method will be the same as that by the enumeration-
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based voltage vector selection method. However, for the IPM machine where Ld and Lq are 

not equal, the active voltage vector that locates the most adjacent to the reference voltage 

vector may not be the optimal voltage vector that can present the minimal error between 

the reference current and the actual predicted current according to (4.8). Thereby, for the 

application of IPM machine, the quick selection method may not provide as high accuracy 

as the enumeration-based method in selecting the optimal voltage vector. 

The difference between the two selection methods for SPM and IPM machine is further 

revealed and validated through the simulation in MATLAB Simulink. The simulation 

environment and configurations are kept the same as previously presented in 4.4. The 

mathematical model of the IPM machine is built in Simulink by strictly following the 

parameters as shown in Table 2.2. For the purpose of comparison, the mathematical model 

of the SPM machine is built with the same parameters as of the IPM except that the Ld and 

Lq are set with the same value of 14.3 mH for the SPM. The two selection methods are 

tested for the IPM and SPM machine under the same condition of rated speed with rated 

load. Fig. 4.17 shows the simulation results of the optimal vector index that are presented 

by the two selection methods for the SPM machine. It is clearly shown in the figure that 

the voltage vector selected by the quick selection method is always the same with the 

enumeration-based selection method, which means the adjacent voltage vector to the 

reference voltage vector is the exactly the optimal voltage vector for the application in SPM 

machine. Fig. 4.18 shows the simulation results of the optimal vector index that are 
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presented by the two selection methods for the IPM machine. It is found that there exist 

certain instants that the voltage vector selected by the quick selection method is different 

from that by the enumeration-based selection method, which means that the adjacent 

voltage vector to the reference voltage vector is not guaranteed to be the optimal voltage 

vector for the application in IPM machine. 

Based on the theoretical analysis and the validation in Simulink, the enumeration-based 

optimal voltage vector selection method is proved to provide higher accuracy for the 

Proposed-I for the IPM machine. 
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Fig. 4.17 Comparison between the enumeration-based method and quick-selection 

methods in selecting optimal voltage vectors for the application for SPM motor drive. 
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Fig. 4.18 Comparison between the enumeration-based method and quick-selection 

methods in selecting optimal voltage vectors for the application for IPM motor drive. 
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Chapter 5  

PROPOSED CONTINUOUS VIRTUAL 

VOLTAGE VECTOR TECHNIQUE 

5.1 INTRODUCTION 

To reduce the large current ripples and improve the steady-state performance, various 

techniques have been presented for the FCSMPC in the previous chapters. FCSMPC-I 

reduces the current ripples by providing more available voltage vector candidates through 

introducing six additional virtual voltage vectors. Moreover, the concept of duty cycle 

control is introduced in FCSMPC-II by utilizing the null voltage vector as the second 

voltage vector to apply the active voltage vector in the right proportion of the sampling 

period, which effectively improves the steady-state performance as compared to the basic 

FCSMPC. To further reduce the current ripples, the Proposed-I integrates the concept of 

virtual voltage vectors and duty cycle control in the FCSMPC control scheme, which 

achieves higher control accuracy and better current ripple reduction effect as compared to 

the conventional techniques. Nevertheless, none of the FCSMPC-I, FCSMPC-II or the 

Proposed-I could really achieve error-free tracking of the reference current. Therefore, 

three-vector-based FCSMPC is proposed to further reduce the current ripples. A method is 
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proposed in [68] to eliminate the error between the reference stator currents and the actual 

currents by using three-vector based FCSMPC. However, it uses complex interpolation 

polynomials to simulate the variations of the cost function, which couldn’t achieve absolute 

error-free as the algorithms are built based on approximations. 

This chapter proposes an improved FCSMPC method with continuous virtual voltage 

vector technique in a three-vector-based control scheme. It applies a continuous virtual 

voltage vector at every sampling interval that reduces the current ripples by successfully 

eliminating the error between the reference value and the actual value of the current. The 

continuous virtual voltage vector is realized by at the most three vectors, including one null 

voltage vector and two suboptimal basic non-zero voltage vectors which are chosen based 

on the MPC’s principle of minimizing the cost function. Moreover, the corresponding duty 

ratios are obtained based on two factors, k1 and k2, which could be calculated in an efficient 

way with low computational requirement. The principle of the proposed method is 

introduced in 5.2. The mechanism of the proposed method on reducing current ripples is 

elaborated in 5.3. In 5.4, the performance of the proposed method is verified through the 

results in MATLAB Simulink. Furthermore in 5.5, the proposed method is comparatively 

studied with the basic FCSMPC, FCSMPC-II and Proposed-I, where its benefits are 

confirmed by the experimental results for the referenced IPMSM drive system. 
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5.2 PRINCIPLE OF THE METHOD 

The control diagram of the proposed method is shown in Fig. 5.1, which mainly comprises 

of the delay compensation, optimal virtual voltage vector determination, cost function 

minimization/suboptimal voltage vectors selection, duty ratio calculation and pulse 

generation. The reference currents on d-axis and q-axis are calculated based on the criteria 

of maximum torque per ampere (MPTA) according to the torque reference. Moreover, all 

the variables in the control scheme are transformed into the synchronous rotating frame to 

perform field-oriented control. For demonstration convenience, the proposed method is 

referred as Proposed-II in the following content. The detailed introduction of the main 

functional blocks of Proposed-II are elaborated as follows. 
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Fig. 5.1 The diagram of Proposed-II. 
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A. Optimal virtual voltage vector determination 

With the aim to minimize current ripples, the basic principle of FCSMPC is to find one of 

the eight vectors which minimizes the cost function (5.1). Considering the one-step delay 

compensation, the currents predicted at (k+2)th step are used in the calculation. 

 𝐽 = |𝑖𝑑𝑞
𝑟𝑒𝑓

− 𝑖𝑑𝑞(𝑘 + 2)|
2
 (5.1) 

where 

 𝑖𝑑𝑞
𝑟𝑒𝑓

= [
𝑖𝑑

𝑟𝑒𝑓

𝑖𝑑
𝑟𝑒𝑓

] (5.2) 

 𝑖𝑑𝑞(𝑘 + 2) = [
𝑖𝑑(𝑘 + 2)

𝑖𝑞(𝑘 + 2)
] (5.3) 

To eliminate the error between the reference current and the actual current, the Proposed-

II realizes i
ref 

dq  at (k+2)th instant by applying an optimal voltage vector (v
opt 

dq ) that is obtained 

by simply replacing idq(k+2) with i
ref 

dq  and substituting vdq by v
opt 

dq  in (2.5): 

 {
𝑖𝑑

𝑟𝑒𝑓
= (1 −

𝑅𝑠𝑇𝑠

𝐿𝑑
) 𝑖𝑑

𝑝(𝑘 + 1) +
𝑇𝑠

𝐿𝑑
[𝑣𝑑

𝑜𝑝𝑡(𝑘 + 1) − 𝑒𝑑(𝑘 + 1)]

𝑖𝑞
𝑟𝑒𝑓

= (1 −
𝑅𝑠𝑇𝑠

𝐿𝑞
) 𝑖𝑞

𝑝(𝑘 + 1) +
𝑇𝑠

𝐿𝑞
[𝑣𝑞

𝑜𝑝𝑡(𝑘 + 1) − 𝑒𝑞(𝑘 + 1)]
 (5.4) 

It is apparent from (5.4) that v
opt 

dq  is applied at (k+1)th instant and the corresponding i
ref 

dq  is 

obtained at (k+2)th instant. Moreover, it is noted that the effect presented by the v
opt 

dq  is the 

same with the reference voltage vector as calculated in (3.1), both of which guarantee the 
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zero error between the reference current and the actual current at each sampling instant. In 

other words, the Proposed-II adopts the reference voltage vector as the optimal voltage 

vector and applies it at every sampling interval to eliminate the current error. Obviously, 

this optimal voltage vector for Proposed-II is a virtual voltage vector with infinite 

possibilities. It is realized by at the most three basic voltage vectors with corresponding 

duty ratios, which will be illustrated in the following of this subsection. The benefits 

brought by the optimal voltage vector on the current ripple reduction for Proposed-II will 

be further demonstrated in 5.3. 

B. Suboptimal active voltage vector selection 

As demonstrated in Section III-A, the optimal vector v
opt 

dq is no longer limited to only the 

eight basic voltage vectors but become a flexible virtual voltage vector that is realized by 

at most two suboptimal active voltage vectors and a null vector selected from the 

conventional finite control set. In Proposed-II, the six active voltage vectors at (k+1)th 

sampling instant are calculated and enumerated in the following cost function: 

 𝐺 = |𝑣𝑑𝑞
𝑜𝑝𝑡(𝑘 + 1) − 𝑣𝑑𝑞(𝑘 + 1)|

2
 (5.5) 

Then, the two active voltage vectors that present the minimum and subminimum values of 

(5.5) will be selected as the suboptimal voltage vectors. It should be noted that the 

suboptimal voltage vector selection is only regarding the active voltage vectors since the 
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null vector is applied in every control interval as an adjustment vector to assist realizing    

v
opt 

dq , which will be elaborated in Part-C. 

C. Duty ratio calculation 

After obtaining the two suboptimal voltage vectors as discussed in Part-B, the next step is 

to determine their duty ratios to realize vopt 

dq . v
opt 

dq  is a virtual voltage vector which could be 

located anywhere inside the voltage hexagon. For example, vopt 

dq is located between vdq1 and 

vdq2 at a certain instant as demonstrated in Fig. 5.2. αopt is defined as the angle between vopt 

dq  

and vdq1. 
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k1
1

1
1-k1

k2
1

αopt 

A

B

C
Dvopt1

vopt2
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Fig. 5.2 Duty ratio calculation scheme for Proposed-II. 

As shown in Fig. 5.2, the maximum optimal voltage vector v
m 

opt is the maximum voltage 

which can be applied by synthesizing two suboptimal voltage vectors vdq1 and vdq2 with 
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full duty cycle. However, only the optimal direction can be accomplished by applying v
m 

opt, 

not the optimal magnitude as shown in Fig. 5.2. In order to achieve the optimal magnitude 

|vopt 

dq |, the concept of duty cycle is applied to v
m 

opt and hence the two suboptimal voltage 

vectors as selected in Part-B. As shown in Fig. 5.2, a straight line in parallel to vdq2 is 

projected from v
m 

opt to vdq1, and similarly, another line in parallel to vdq1 is projected to vdq2. 

The magnitudes of these projected lines are fractions k1 and 1- k1 of |vdq1| (=|vdq2|). The 

fraction k1 is found based on the sine theorem applied to triangle ABC as: 

 𝑘1 =
1

1+
sin (𝛼𝑜𝑝𝑡)

sin (
𝜋
3

−𝛼𝑜𝑝𝑡)

 (5.6) 

The maximum optimal voltage vector v
m 

opt is achieved by applying vdq1and vdq2 for k1 and 

(1- k1) of a control interval. In addition, another factor k2 is introduced to realize the actual 

optimal voltage vector vopt 

dq . The factor k2 is found as: 

 𝑘2 =
|𝑣𝑑𝑞

𝑜𝑝𝑡
|

|𝑣𝑜𝑝𝑡
𝑚 |

 (5.7) 

Where |v
m 

opt| is found by applying sine theorem in triangle ABD as: 

 |𝑣𝑑𝑞
𝑚 | = |𝑣𝑑𝑞1| ∙

sin (
𝜋

3
)

sin (
2𝜋

3
−𝛼𝑜𝑝𝑡)

 (5.8) 

Finally, to apply the optimal virtual voltage vector vopt 

dq , the duty ratios of the two suboptimal 

voltage vectors and one null vector could be summarized as: 
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 {

𝑑𝑜𝑝𝑡1 = 𝑘1 ∙ 𝑘2

𝑑𝑜𝑝𝑡2 = (1 − 𝑘1) ∙ 𝑘2

𝑑𝑛𝑢𝑙𝑙 = 1 − 𝑘2

 (5.9) 

5.3 MECHANISM ON REDUCING THE CURRENT RIPPLES 

The mechanism of Proposed-II on the current ripple reduction is fully discussed in this 

subsection, where the Proposed-II is further proved to provide higher accuracy with lower 

current ripples than the conventional techniques and even Proposed-I. Fig. 5.3 shows the 

optimal voltage vector scheme adopted by the different techniques. 
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Fig. 5.3 Optimal voltage vector scheme of different techniques. 
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As shown in the figure, the basic voltage vector vdq1 is selected as the voltage vector for 

the basic FCSMPC, while a more accurate choice- the virtual voltage vector vdq8 is 

available for utilization for the FCSMPC-I. By introducing the concept of duty cycle 

control in FCSMPC-II, the vdq1 is first selected as the optimal voltage vector and then 

applied in a right proportion of a sampling period, which is represented as vopt3 as shown 

in Fig. 5.3. The current ripples are effectively reduced due to the flexible mode of applying 

voltage vectors. For the case of the Proposed-I, the concept of virtual voltage vector and 

duty cycle control are combined, which provides more accurate choice of the applied 

voltage vector and presents more distinct reduction effect on the current ripples. Finally, 

for the Proposed-II, the optimal voltage vector is such selected that the error between the 

actual current and the reference current is zero at each sampling instant. It definitely 

achieves much higher control accuracy than the conventional techniques and the Proposed-

I, which will evidently achieve much better effect on the current ripple reduction. Fig. 5.4 

depicts an example of the q-axis current response of the Proposed-II, by which the 

mechanism of the current ripple reduction could be exhibited in a more straightforward 

way. Since the Proposed-I is already validated to present lower current ripples than the 

conventional techniques, the mechanism of FCSMPC-I and FCSMPC-II are not shown in 

the figure. More details on the mechanism of the conventional techniques could refer to 

the previous chapters. 

 



Master Thesis – Guanghan Zhao    McMaster Univ. – Electrical & Computer Engineering 

 

95 

 

k+1 k+2

iq
p{v1'}

iq
p{v4'}

iq
p{v2'}

Ts

iq(k)

dopt· Ts

Ripple 

reduction

vdq0

...

iq
p{v6'}

FCSMPC

Proposed-II

dopt1· Ts

iq
p{v5'}

iq
p{v3'}

vdq0

iq
p 
by basic vectors

iq
ref

iq
p 
by virtual vectors

iq by FCSMPC

iq by Proposed-I

iq by Proposed-II

Proposed-I

v2'

v1'

dnull· Ts dopt2· Ts

vdq
opt

 

Fig. 5.4 The mechanism of the current ripple reduction by Proposed-II. 

As shown in the figure, v1' to v3' denote three basic voltage vector candidates, while v4' to 

v6' represent three virtual voltage vector candidates. Moreover, the current predictions 

corresponding to the voltage vector candidates are clearly shown in the figure. For the basic 

FCSMPC, the vector candidate v2' is selected as the optimal voltage vector among all the 

basic voltage vectors as it provides the minimum error between the predicted current and 

the reference current. For the case of Proposed-I, the more accurate virtual voltage vector 

v5' is first selected as the optimal voltage vector, and then applied in the right proportion of 
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a sampling period according to an optimal duty ratio. It presents effective reduction on the 

current ripples as shown in the figure. However, the error between the reference current 

and the actual current still exits while the current ripples are not small enough, which means 

the effect could be further improved. For the Proposed-II, the concept of virtual voltage 

vectors and duty cycle control are deeply integrated in a three-vector-based control scheme. 

The optimal voltage vector is no longer limited to the basic voltage vectors or the virtual 

voltage vectors with fixed duty ratio, but becomes a more flexible virtual voltage vector 

with infinite possibilities which could be easily realized by only the basic voltage vector 

candidates. As demonstrated in Fig. 5.4, the vector candidates v1' and v2' are selected as the 

suboptimal active voltage vectors and then applied in the regulated proportion of a 

sampling period according to the corresponding duty ratios, while the null voltage vector 

will be applied in rest of the time in the sampling period. It can be seen the Proposed-II 

eliminates the current error at next sampling instant while achieves much lower current 

ripples as compared to that of the basic FCSMPC and even Proposed-I. 

5.4 SIMULATION RESULTS 

The performance of the Proposed-II for a PMSM drive is first verified through simulations 

in MATLAB Simulink. The mathematical model of the IPM machine is accurately built in 

Simulink by strictly following the parameters as shown in Table 2.2. To be consistent with 

the experimental environment as presented in 2.6.1, the sampling frequency of the 

simulation is configured as 10 kHz and the applied DC link voltage value is set as 300 V. 
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Fig. 5.5 shows the dynamic performance of d- and q- axis currents with the rotor speed 

transient from standstill to rated speed at 0.05s with no load. It can be seen that Proposed-

II presents a stable control performance against the step change of speed. Moreover, the 

current ripples on both d- and q-axis are barely seen under the simulation condition, which 

proves the great current ripple reduction effect by Proposed-II. Fig. 5.6 shows the current 

transient responses to a stepped change from no load to full load at 0.05s with the machine 

speed of 100 r/min. As shown in the figure, the actual current tracks the reference current 

closely when the load suddenly changes, which proves the dynamic response of the 

Proposed-II. Furthermore, it presents very small ripples on both d- and q-axis currents, by 

which the current ripple reduction effect is verified for the Proposed-II.  

The performance of the Proposed-II will be further validated through experimental results 

in 5.5, where more test conditions are applied and more analysis are given. 
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Fig. 5.5 Simulation results of the current responses (a) d-axis and (b) q-axis when speed 

steps from 0 r/min to 600 r/min at no load for Proposed-II. 
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Fig. 5.6 Simulation results of the current responses (a) d-axis and (b) q-axis for the step 

change from no load to full load at 100 r/min for Proposed-II. 

5.5 EXPERIMENTAL RESULTS 

5.5.1 TRANSIENT AND STEADY-STATE PERFORMANCE 

In this subsection, the steady-state and transient performance of the Proposed-II is validated 

through experiments under different conditions. Moreover, the basic FCSMPC, FCSMPC-

II and Proposed-I are also experimentally tested as the comparisons for the Proposed-I 

under the same conditions (Since FCSMPC-II presents a better current ripple reduction 

effect than the other conventional technique FCSMPC-I as validated through the figures in 

4.5, only FCSMPC-II is presented in this subsection for better comparison effect). The 

experimental results for the four techniques are comparatively studied and analyzed, 

through which the effectiveness of the Proposed-I is confirmed. The experimental 

environment and the configurations are exactly the same as presented in 2.6.1. 
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First, the response of d- and q-axis currents with speed transient from 0 r/min to the rated 

speed at 0.05s with no load for the basic FCSMPC, FCSMPC-I, FCSMPC-II and Proposed-

I are illustrated in Fig. 5.7. In Fig. 5.7, d-axis current and q-axis current for four methods 

are provided in two separate subfigures as shown in (a) and (b). It is shown that the dynamic 

response of the Proposed-II is similar to that of the basic FCSMPC, FCSMPC-II and 

Proposed-I. The current ripples presented by Proposed-II in experiment are larger than the 

corresponding simulation results under the same condition as illustrated in 5.4. However, 

the Proposed-II still presents much lower current ripples and hence better steady-state 

performance as compared to the previous techniques as shown in Fig. 5.7. Similar 

conclusions can also be reached according to the results in Fig. 5.8, where the rotor speed 

steps from 300 r/min to 600 r/min at 0.1s with 25% load on the machine. It is seen that the 

difference in the dynamic response between the four methods is negligible, while 

substantial reduction on the current ripples exists for the Proposed-II. Fig. 5.9 shows the 

transient responses for the speed reversion at ±300 rpm at 0.1s with 25% load on the 

machine. As compared to the basic FCSMPC, FCSMPC-II and Proposed-I, the Proposed-

II delivers similar dynamic response while presents more satisfied steady-state 

performance in terms of lower current ripples. 
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Fig. 5.7 Experimental results of the current responses (a) d-axis and (b) q-axis when speed 

steps from 0 r/min to 600 r/min at no load for Proposed-II. 
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Fig. 5.8 Experimental results of the current responses (a) d-axis and (b) q-axis when speed 

steps from 300 r/min to 600 r/min at 25% load for Proposed-II. 
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Fig. 5.9 Experimental results of the current responses (a) d-axis and (b) q-axis when speed 

steps from -300 r/min to 300 r/min at 25% load for Proposed-II. 
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Second, the current transient responses against load change for three methods are 

investigated and shown in Fig. 5.10 and Fig. 5.11. Fig. 5.10 shows the dynamic responses 

to a stepped change from no load to full load at 0.05s with the machine speed of 100 r/min. 

As shown in the figure, the current ripples presented by Proposed-II in experiment are 

similar to the simulation results as shown in Fig. 5.6. Moreover, the results presented in 

this figure provide more evidence that the dynamic process for the four methods are very 

close to each other. Nevertheless, it is clearly seen that the Proposed-II causes nearly no 

overshoot on the currents when the load changes while delivers much lower current ripples 

as compared to the basic FCSMPC, FCSMPC-II and Proposed-I.  
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Fig. 5.10 Experimental results of the current responses (a) d-axis and (b) q-axis for the step 

change from no load to full load at 100 r/min for Proposed-II. 

Similar results can also be seen in Fig. 5.11, which shows the current responses of load 

reversion at negative and positive half load at 0.1s with the machine speed of 100 r/min. 

The Proposed-II exhibits significant reduction on current ripples, while maintains similar 

dynamic responses as compared to the other techniques. All the experimental results 
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presented before prove that Proposed-II delivers much better steady-state performance with 

low current ripples than the basic FCSMPC, FCSMPC-II and Proposed-I without affecting 

the dynamic performance. 
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Fig. 5.11 Experimental results of the current responses (a) d-axis and (b) q-axis for the step 

change from negative half load to positive half load at 100 r/min for Proposed-II. 

Finally, the conclusion of the better steady-state performance of the Proposed-II can be 

further supported by the THD of the phase current. The phase-a current of the Proposed-II 

at rated speed with rated load is demonstrated in Fig. 5.12. It is found that the phase current 

by Proposed-II is basically a sinusoidal wave with a low THD of only 1.82%. Moreover, 

the THD of the stator current of the different techniques under the condition of rated speed 

with rated load are compared and concluded as shown in Fig. 5.13. It is seen that the 

FCSMPC-I shows a lower THD of 4.31% than the 5.05% of the basic FCSMPC, while the 

FCSMPC-II presents even better performance with a lower THD of 3.40% on the current. 

For Proposed-I, the THD of the stator current is further reduced to a smaller value of 2.10%, 

which proves the better effect of Proposed-I than the conventional techniques on reducing 
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the current ripples. Finally, for Proposed-II, a smallest THD of 1.82% is presented among 

all the THD values presented by the previous methods, by which the better steady-state 

performance of the Proposed-II is evidently validated. 
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Fig. 5.12 Stator current and the corresponding harmonic spectrum at 600 r/min with rated 

load for Proposed-II. 
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Fig. 5.13 THD of the stator current of the different techniques at rated speed with rated 

load in experiment. 

5.5.2 PARAMETER SENSITIVITY ANALYSIS 

In this subsection, the effect of the parameter variations on the proposed-II is 

experimentally verified and presented in Fig. 5.14 to Fig. 5.17. These variations are made 

on the nominal values of the parameters used in the prediction model of the reference IPM 

machine. The d- and q-axis current responses with respect to the variations in the 

parameters are demonstrated at 100 r/min with half the rated load reversal. As seen in Fig. 

5.14, the variations in d-axis inductance by ±25% do not have any significant effects on 

both the d- and q- axis current responses as compared to the nominal case. It is found in 

Fig. 5.15 that an increase of q-axis inductance by 25% decreases the d-axis current by 
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approximately 0.07A while producing larger q-axis current ripples with respect to the 

nominal case. The decrease of q-axis inductance by 25% presents larger q-axis current 

ripples while rises the d-axis current by around 0.07A. The variations in resistance by ±50% 

exhibits negligible influence on the d-axis current while results in slight ripples on the q-

axis current as shown in Fig. 5.16. Moreover, slight offset in q-current response is also seen 

as compared to nominal case. As shown in Fig. 5.17, the effect of the variations in 

permanent magnet flux by ±25% is negligible on the d-axis current response. On the 

contrary, deviations in the q-axis current with respect to nominal case are clearly seen. 

Apart from slight offset and increase in current ripples, the proposed-II shows robust 

control performance with variations in parameters. 
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Fig. 5.14 Experimental results of the current responses (a) d-axis and (b) q-axis against 

±25% variation in Ld for the step change from negative half load to positive half load at 

100 r/min for Proposed-II. 
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Fig. 5.15 Experimental results of the current responses (a) d-axis and (b) q-axis against 

±25% variation in Lq for the step change from negative half load to positive half load at 

100 r/min for Proposed-II. 
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Fig. 5.16 Experimental results of the current responses (a) d-axis and (b) q-axis against 

±50% variation in Rs for the step change from negative half load to positive half load at 

100 r/min for Proposed-II. 
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Fig. 5.17 Experimental results of the current responses (a) d-axis and (b) q-axis against 

±25% variation in ψr for the step change from negative half load to positive half load at 

100 r/min for Proposed-II.  

5.6 COMPREHENSIVE ANALYSIS ON THE CURRENT RIPPLE REDUCTION 

A comprehensive analysis of the current ripple minimization is introduced in this section, 

where the dominating advantages and the accompanied drawbacks are discussed. As 

previously demonstrated through the experimental results, the current ripples of the 

proposed methods are effectively reduced under different conditions. Under the certain 

condition of rated speed and rated load, the RMS current on d-axis for the Proposed-I and 

Proposed-II are 5.1% and 5.98% smaller than that of the basic FCSMPC. The percentage 

of the q-axis currents are 0.079% and 0.083%, respectively. The smaller current ripples 

will bring the benefit of smaller torque ripples, which will effectively improve the control 

performance of the system. This has great practical significance in various industrial 
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applications. Moreover, the vibration and noise of the machine are also reduced given to 

the smaller torque ripples. 

The proposed methods achieve distinct current ripple reduction while slightly increasing 

the switching frequency. For the basic FCSMPC, one voltage vector is applied during a 

sampling interval and there are possibilities that it applies same vectors in the adjacent 

sampling intervals. Therefore, the switching frequency of the basic FCSMPC could be 

lower than the sampling frequency. With the introduction of the virtual voltage vectors and 

duty cycle, the switching frequency could be increased since two switching states might be 

employed in one sampling interval. The switching frequency of the proposed-I is slightly 

increased as compared to that of the conventional techniques because three switching states 

might be utilized in the control scheme. Furthermore, the proposed-II utilizes the three-

vector-scheme and consequently increases the switching frequency as compared to 

proposed-I and the conventional methods. Therefore, the current ripple minimization is the 

trade-off against the increase in the switching frequency. 

The loss of the machine is also briefly analyzed. The copper loss of the proposed-I and 

proposed-II are 0.3% and 0.34% smaller than that of the basic FCSMPC. Furthermore, due 

to the lower phase current harmonic for the proposed methods, the core loss might be also 

lower than the basic FCSMPC. Due to the fact that the experimental setup is not equipped 

with torque sensor, the total loss is not analyzed here. 
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Chapter 6  

Conclusion and Future Work 

In this thesis, two FCSMPC methods with improved techniques have been presented to 

achieve current ripple minimization for high-performance control of PMSM drives. 

The mechanism of the current ripples by FCSMPC has been carefully analyzed. The 

conventional techniques for reducing the current ripples of the FCSMPC-controlled PMSM 

drives have been fully discussed. Additionally, the FCSMPC with the conventional 

techniques have been implemented with the referenced IPMSM drive system, which 

provide significant benchmark references for the proposed methods. 

An improved FCSMPC method with integrated duty cycle and finite virtual voltage vector 

technique has been proposed for the PMSM drives. In the proposed method, the finite 

control set is properly expanded by introducing six symmetrically located virtual voltage 

vectors in addition to the six basic active voltage vectors. The optimal voltage vector is 

selected among all the non-zero voltage vector candidates according to MPC’s principle of 

minimizing the current-error-based cost function. Moreover, the corresponding duty ratio 

of the optimal voltage vector is calculated based on a straightforward principle with great 

computational efficiency. The proposed method is first validated in the simulation and then 

comparatively studied with the conventional methods through experiments with the 
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referenced IPMSM drive system. It is found in the experimental results that the FCSMPC 

with the proposed technique achieves better steady-state performance and low current 

ripples while maintains similar transient responses as compared to the FCSMPC with 

conventional techniques. 

To further reduce the current ripples, an improved FCSMPC method with continuous 

virtual voltage vector technique has been proposed for the PMSM drives. In the proposed 

method, an optimal voltage vector is identified at first. This optimal voltage vector cannot 

be effectively applied to the electric machine by the basic FCSMPC or the FCSMPC with 

conventional techniques as it is a continuous voltage vector. In the proposed method, the 

optimal voltage vector is realized by at most two suboptimal voltage vectors and a null 

vector with corresponding duty cycle ratios. Moreover, the two suboptimal voltage vectors 

are found based on MPC’s principle of minimizing the cost function and the corresponding 

duty ratios are calculated based on simple and computationally efficient mathematical 

relationships. The proposed method is first validated in the simulation and then 

comparatively studied with the conventional methods and the first proposed method 

through experiments with the referenced IPMSM drive system. It is found in the 

experimental results that the FCSMPC with the proposed technique significantly improves 

the steady-state performance with much lower current ripples while maintains similar 

transient responses as compared to the FCSMPC with conventional techniques and even 

with the first proposed technique. 
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This thesis has proposed two FCSMPC methods with improved techniques which achieve 

convincing effects on the current ripple reduction for the PMSM drives. However, there 

are interesting topics which can be further investigated based on the research in this thesis. 

More flexible virtual voltage vector injection schemes could be investigated to further 

improve the control precision and reduce the current ripples. Moreover, switching 

frequency could be investigated and concerned in the current ripple reduction control 

scheme of FCSMPC. Besides, the inverter nonlinearity may affect control accuracy and 

generate unexpected current ripples, which could be investigated in future work. 
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