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Abstract—For multi-objective model predictive current 
control method with penalties, the penalty weights are 
introduced into the cost function to determine the relative 
importance of control targets. However, the dimensions 
and value ranges of each control target are different. Thus, 
the penalty coefficient is difficult to determine. To avoid the 
difficulty of dimensionless parameter design, this paper 
proposes a multi-objective control method called model 
predictive current control with multiple current bounds. In 
this paper, the switching frequency and the common-mode 
voltage are selected as the control target. Their control is 
converted into the limitation of the current ripple so that 
the control parameters have a clear physical meaning. On 
the one hand, the proposed method can realize the 
cooperative control of reference current tracking, 
switching frequency suppression, and common-mode 
voltage suppression. On the other hand, the key control 
parameters have the same dimension and strong 
correlation with others. Therefore, appropriate parameter 
design can be realized. Experimental investigations for 
PMSM prove the effectiveness of the control method. 

 
Index Terms—Permanent magnet synchronous motor 

(PMSM); model predictive current control (MPCC); 
switching frequency; common-mode voltage (CMV); 
current bound limit. 

I. INTRODUCTION 

ITH the advantages of high efficiency and high power 

density, the permanent magnet synchronous motor 

(PMSM) has been widely applied in rail transit in recent years. 

The research on PMSM control technology is of great 

significance to the development of rail transit, and the 

high-performance control strategy of PMSM has been a 

research hotspot [1, 2]. Field oriented control (FOC) and direct 
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torque control (DTC) are the two most typical control methods. 

FOC is usually implemented based on the proportional-integral 

controller and pulse width modulation (PWM). Its dynamic 

response is poor at low switching frequency. Besides, 

parameter tuning and modulation are complex. DTC is usually 

implemented based on the hysteresis controller, with fast 

dynamic response but serious current distortion. 

In recent years, model predictive control (MPC) has become 

a research hotspot in the field of power electronic converters 

and motor drive control [3, 4]. In particular, the research on 

finite set MPC (FS-MPC) has covered almost all power 

electronic converters and motor drive systems. The application 

of MPC in PMSM has the advantages of intuitive concept, 

algorithmic simplicity, fast dynamic response, ease to deal with 

multi-variable and multi-constraint cases, and no requirement 

of modulation [5-7]. Therefore, FS-MPC of PMSM is expected 

to develop into a new solution for the traction drive control 

system. 

In MPC, the cost function can flexibly describe the control 

targets. The controlled variables can be torque, current or flux, 

etc. The corresponding control strategy can be called model 

predictive torque control (MPTC) [8], model predictive current 

control (MPCC), etc. Theoretically, a small current ripple can 

guarantee a small torque ripple, but in turn, a small torque 

ripple may not guarantee a small current ripple [9]. Therefore, 

MPTC and MPCC have inherent consistency in motor output 

torque control, but they are different in the current ripple. This 

difference is more obvious in low switching frequency 

applications. 

In the railway traction drive system, the maximum switching 

frequency of the traction inverter is limited. Therefore, MPCC 

is preferred in railway application. And the switching 

frequency can be affected and controlled by setting the penalty 

term of the switching times in the cost function, which can be 

called MPCC with penalties (MPCC-P) [10]. The cost function 

will comprehensively consider the two control goals of current 

reference tracking and switching frequency suppression. Since 

the dimensions and value ranges of the current error and 

switching times are different, the weight coefficients have no 

clear physical meaning and are difficult to design. Based on this 

conventional multi-objective control method, when it is 

necessary to increase other control objectives, such as 
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common-mode voltage (CMV) suppression, a new penalty 

term must be added into the cost function. The design difficulty 

of the penalty coefficients will be greatly increased, which is 

not conducive to engineering applications. 

The selection of weight coefficients related to 

multi-objective control has always been a difficult problem that 

MPC needs to solve. At present, the most common method is to 

rely on trial and error to test the control effect of different 

weight coefficient combinations, but this method is very 

time-consuming [10]. In order to reduce the time cost, [11] 

proposed to use the branch and bound algorithm to reduce the 

number of simulations, but the selection of weight coefficients 

in this process is still empirical. Reference [12] proposed an 

online adjustment scheme for weight coefficients, which 

derived the optimal weighting factor based on the torque ripple 

expression. However, this method is only used to minimize 

torque ripple, and the switching frequency is not controlled. 

Besides, complex online calculations increase the burden on the 

processor. References [13-16] aimed at integrating torque and 

flux linkage as a control goal in predictive torque control, thus 

avoiding the problem of weight coefficient selection. But this 

method is less versatile. Reference [17] construct a cost 

function by reference voltage vector to achieve model 

predictive direct speed control without weighting factor. 

Reference [18] achieved FS-MPC that simultaneously 

evaluated speed and current control objectives. The weighting 

factor handling strategy is on the account of the balance of state 

sensitivity to voltage alteration, which is not suitable for the 

control of switching frequency. Reference [5, 19] proposed 

solutions for MPTC to obtain the optimal weighting factors, but 

MPCC is preferred in railway application. Reference [20] 

proposed a dynamic function and tuned weighting factors 

adaptively by fuzzy method to achieve current and switching 

frequency. However, the switching frequency is too high for 

railway application. Reference [21] proposed a dynamically 

weighted optimal switching vector MPC of active rectifier. In 

recent years, artificial intelligence has been widely applied to 

design weighting factors, such as artificial neural networks 

(ANN) [22, 23], particle swarm algorithm [24], and genetic 

algorithm [25]. Reference [22, 23] employed ANN to select 

weight coefficients. Numerous simulations or experiments are 

required to obtain data.  

To avoid the problem of dimensionless control parameter 

design in the conventional MPCC-P, this paper proposes a 

method called MPCC with bounds (MPCC-B). The control 

targets are converted into the limitation of the current ripple so 

that the control parameters have a clear physical meaning. And 

the quantitative relationship between ripple current boundary, 

switching frequency, and current distortion is analyzed. The 

proposed MPCC-B method can not only achieve the control 

target of the switching frequency, but also does not need to 

change the original cost function with single control target. The 

ripple current boundary has a clear physical meaning, and the 

allowable ripple current of the system can be used as a basis for 

parameter design. Based on the MPCC-B method, a 

three-objective cooperative control method with multiple 

bounds (MPCC-MB) is further proposed. In this paper, the 

CMV suppression is taken as the third control target to illustrate 

the three-objective cooperative control method. The proposed 

MPCC-MB can not only suppress the CMV but also unify the 

switching frequency control and the CMV suppression under 

the ripple current boundary. The control parameters 

corresponding to the switching frequency and CMV have the 

same dimension and correlation, and the design difficulty is 

greatly reduced. The multi-objective cooperative control 

method is similar. 

The following sections of this paper are managed as follows. 

In Section II, the PMSM MPCC control framework and 

performance evaluation indexes are established. Section III 

introduces the cooperative control of current distortion and 

switching frequency. And the three-objective cooperative 

control is described in Section IV. Section V collates and 

analyzes the experimental results. Section VI is the conclusion. 

II. MPCC OF PMSM TRACTION SYSTEM 

A. System Modeling and Predictive Control Framework 

The block diagram of the conventional MPCC is shown in 

Fig. 1. In Fig. 1, isd
ref, isq

ref is the reference currents obtained by 

looking up the maximum torque per ampere (MTPA) table; isd, 

isq is the actual currents obtained by sampling; vk
opt is the 

optimal voltage vector selected based on the cost function. The 

finite set (FS) is composed of the eight basic voltage vectors vk 

(k = 0, 1, 2, …, 7) of the three-phase two-level inverter. The FS 

is shown in TABLE I. Sx (x = a, b, c) is the switch state of the 

inverter. In order to reduce the switching frequency, only 

current voltage vector and three adjacent voltage vectors will be 

applied for the next sampling period. 
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DC
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ref
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kv

abc

dq

rr

ref

sdqi

sdqi sabci

 
Fig. 1.  Block diagram of MPCC. 

TABLE I 
FS OF MPCC 

Current voltage vector 

vk(t0) 

Switch state 

(Sa Sb Sc) 

Preselected voltage vector set I 

for the next sampling period 

v0 (0 0 0) {v0 v1 v3 v5} 
v1 (1 0 0) {v1 v6 v2 v0} 

v2 (1 1 0) {v2 v1 v3 v7} 

v3 (0 1 0) {v3 v2 v4 v0} 

v4 (0 1 1) {v4 v3 v5 v7} 

v5 (0 0 1) {v5 v4 v6 v0} 

v6 (1 0 1) {v6 v5 v1 v7} 

v7 (1 1 1) {v7 v2 v4 v6} 

Thus, the framework of convention MPCC mainly includes 

the following [7]: 

(1) calculation of the reference currents; 

(2) prediction of the stator currents; 

(3) cost function evaluation and minimization. 
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For MPCC, the establishment of the prediction model and 

the design of the cost function are the most important. The 

details of them are described as follows. 

The stator voltage equation of PMSM in the rotor reference 

frame can be written as 

 

sd

sd s sd sd r sq sq

sq

sq s sq sq r sd sd f

d ( )
( ) ( ) ( )

d

d ( )
( ) ( ) ( ( ) )

d

i t
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t

i t
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t


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= + + +

 (1) 

where usd, usq are the dq-axis stator voltages; isd, isq are the 

dq-axis stator currents; Rs is the stator resistance; Ld, Lq are the 

dq-axis inductances; ωr is the electrical rotor speed; ψf is the 

permanent magnet flux linkage. 

For a sampling interval (Δt = Tc), (2) can be obtained by 

first-order Euler’s approximation. 

 c

c

( ) ( )( ) i t T i tdi t

dt T

+ −
  (2) 

The prediction model can be obtained from (1) and (2), 

which is expressed as [26] 

 

qpre s c c

sd 0 c sd 0 c r sq 0 sd 0

d d d

pre s c d c

sq 0 c sq 0 c r sd 0 sq 0

q q q

r c

( , ) (1 ) ( ) ( ) ( , )

( , ) (1 ) ( ) ( ) ( , )

f

LR T T
i t T k i t T i t u t k

L L L

R T L T
i t T k i t T i t u t k

L L L

T





 

+ = − + +

+ = − − +

−

(3) 

where isd
pre, isq

pre are the predicted dq-axis currents; k is the 

voltage vector index of FS; t0 is the current time; Tc is the 

control period (sampling period). 

According to the prediction model (3), the predicted currents 

can be calculated when different voltage vectors are applied. To 

compensate for the delay problem, (3) can be rewritten as 
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The primary control goal is the reference current tracking. 

Therefore, the cost function is expressed as 

 pre 2 pre 2

,sd ,sq( , ) ( , ) ( , )i iJ t k e t k e t k= +  (5) 

where ei,sd
pre are ei,sq

pre are the errors between reference currents 

and predicted currents. They are defined as 

 

pre ref pre
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i
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The voltage vector which makes cost function J minimum is 

selected as the optimal voltage vector vk
opt. In (7), arg minimize 

means the solution of vk(t0+Tc) that makes J(t0+2Tc,k) 

minimum. 

 
0 c
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0 c 0 c
( )
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B. Performance Evaluation Indexes 

For railway application, power loss and switching frequency 

are important factors that affect the traction system 

performance. In order to reduce the power loss, the harmonic 

distortion of the stator current must be minimized. Total 

demand distortion (TDD) of stator current can be expressed as 

 2

TDD s,

1s,nom

1
( )

2
n

n

I i
I 

=   (8) 

where Is,nom represents the effective value of rated current; is,n 

represents the amplitude of the nth harmonic current.  

Within N sampling cycles, the total switching times of the 

inverter are summed. Then they are divided by the time and the 

number of power modules to estimate the average switching 

frequency. Therefore, the average switching frequency can be 

expressed as 

 
sw 0 c 0 c c

a,b,c =1c

1
lim ( ) ( )

6

N

x x
N

x l

f S t lT S t lT T
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=
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Since the switching frequency of MPC is not fixed, it is 

difficult to compare the current TDD at the same switching 

frequency. Consequently, the product Csw of ITDD and fsw is used 

as a comprehensive evaluation index for current distortion and 

switching frequency 

 sw TDD swC I f=   (10) 

The smaller the Csw is, the better the current waveform is 

obtained with less switching times, and the better the control 

performance is.  

In order to introduce the three-objective cooperative control, 

the CMV is taken as an example of the third control target. The 

effective value of common-mode voltage Ucom is defined as 

 
1 2

com com
0

1

1
( )d

T

U u t t
T

=   (11) 

where ucom is the instantaneous value of the common-mode 

voltage, T1 is the fundamental period. 

III. COOPERATIVE CONTROL OF CURRENT DISTORTION 

AND SWITCHING FREQUENCY 

For MPCC-P, a penalty term of switching times is added into 

the cost function to achieve the control of switching frequency. 

The cost function is expressed as 

 pre 2 pre 2

,sd ,sq sw sw( , ) ( , ) ( , ) ( , )i iJ t k e t k e t k n t k= + +  (12) 

where nsw is the switching times in each control cycle, and λsw is 

the switching frequency penalty coefficient. The voltage vector 

which makes the cost function minimum is selected to realize 

the cooperative control of current distortion and switching 

frequency. 

The switching frequency can be reduced by increasing the 

value of λsw, but the key problem is that the penalty coefficient 

λsw is difficult to determine. The dimensions and value ranges of 

current error and switching times are different. The switching 

frequency penalty coefficient λsw is a dimensionless control 

parameter, which has no clear physical meaning and is difficult 

to design. 

This paper proposes a method based on ripple current bounds 

limit to realize the decoupling of switching frequency and 

control frequency, which is called MPCC-B. The control 
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framework is shown in Fig. 2. The cost function only realizes 

the reference current tracking and its expression is shown as (5). 

The control of switching frequency is realized by the boundary 

limit module in Fig. 2. In other words, the control of switching 

frequency is converted into the limitation of the current ripple. 

After the optimal voltage vector is selected by minimizing the 

cost function, it is determined whether to update the switching 

state of the inverter according to whether the boundary is 

reached. 

Cost function 

minimization

Prediction model

=

3 ~

DC

FS

MTPA

 Table

Boundary 

limit

PMSM

ref

eT opt

kv

abc

dq

rr

ref

sdqi

sdqi
sabci

 
Fig. 2.  Block diagram of model predictive current control with bounds. 

In the preselected voltage vector set (TABLE I), there are 

total four voltage vectors, the first of which is the current 

voltage vector vk(t0), and the other three are voltage vectors 

adjacent to vk(t0). Therefore, in each sampling period, the 

number of switching times of the inverter is 0 or 1. The 

selection of optimal voltage vector is based on the relationship 

between predicted current error ei,s
pre (t0+2Tc,vk(t0)) and the set 

current ripple boundary radius ei,sw, and (13) shows the 

selection rule. 
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0 c ,s 0 c 0 , sw
( )

( )

( ) ,  2 , ( )

arg  minimize  ( 2 , ) ,  2 , ( )
k

k

k i i

i i
t T

t T

t e t T k t e

J t T k e t T k t e
+

+ =

 + 

 + + 

 v

v
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Under this voltage vector selection mechanism, the sampling 

frequency can be increased as much as possible with sufficient 

computation time. And the control accuracy can be improved. 

The switching state of the inverter can remain unchanged for a 

period of time Δt until the predicted current trajectory touches 

the boundary. By setting the size of the ripple current boundary 

radius ei,sw, the switching frequency can be adjusted. What’s 

more, the control parameter ei,sw also has a clear physical 

meaning. It means the current fluctuation that the system can 

tolerate. This feature makes the parameter design of the 

MPCC-B method more convenient than the MPCC-P method. 

IV. THREE-OBJECTIVE COOPERATIVE CONTROL 

CONSIDERING COMMON-MODE VOLTAGE METHOD 

The three-objective cooperative control method follows a 

similar principle. The CMV of inverters is one of the causes of 

bearing damage and electromagnetic interference issues. 

Therefore, the CMV suppression is taken as an example of the 

third control target to illustrate the three-objective cooperative 

control method. For MPCC-P, the penalty coefficient λcom is 

introduced, and the cost function (12) is modified to 

 pre 2 pre 2

,sd ,sq sw com com( , ) ( , ) ( , ) ( , ) ( , )i iJ t k e t k e t k n t k u t k = + + + (14) 

When λsw is constant, the larger λcom is, the stronger the CMV 

suppression effect is. Since the dimensions and value ranges of 

current, switching times, and CMV are completely different, 

the difficulty of penalty coefficient design is greatly increased. 

A. CMV Suppression Based on Multiple Bound Limit 

Based on MPCC-B, the suppression of CMV is further added, 

and MPCC-MB is proposed. In MPCC-MB, there are two 

bound limit values, which are the switching frequency 

boundary limit ei,sw, and the CMV boundary limit ei,com. The 

selection process of the optimal voltage vector is shown in Fig. 

3. It includes the following: 

(1) estimating the current error at the next sampling time; 

(2) predicting the current error based on preselected vector 

set I (TABLE I); 

(3) correcting the preselected vector set II (TABLE II); 

(4) minimizing the cost function based on the preselected 

vector set (TABLE II). 

Correct the pre-selected vector set 
accordingto the boundary conditions

Predict current error based on preselected control set

010
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the current vector is a non-zero vector
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0 c ,0ie t T+ ( )pre

0 c ,2ie t T+

 
Fig. 3. Optimize voltage vector selection of MPCC-MB. 

According to the different effects of each voltage vector on 

the switching frequency and CMV, the preselected voltage 

vector set can be divided into the following four categories: 

Type I voltage vector: The number of switching times is 0, 

and the CMV amplitude is Udc/3. Udc is half of the DC-link 

voltage. 

Type II voltage vector: The number of switching times is 0, 

and the CMV amplitude is Udc. 

Type III voltage vector: The number of switching times is 1, 

and the CMV amplitude is Udc/3. 

Type IV voltage vector: The number of switching times is 1, 

and the CMV amplitude is Udc. 

When selecting the optimal voltage vector, the above four 

categories are arranged from high to low in the order of priority 

as I> II> III> IV to achieve the purpose of reducing the 

switching frequency and CMV. In the control logic, the priority 

of switching frequency control is higher than CMV control. 

According to the type of the current voltage vector vk(t0), it 

can be divided into the following two cases: 
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(1) If the current vector is a zero vector (take vk(t0) = v0 as an 

example), the current zero vector v0 is a type II voltage vector, 

and the remaining three non-zero vectors (v1, v3, and v5) are type 

III vectors.  

(2) If the current vector is a non-zero vector (take vk(t0) = v2 

as an example), the current vector v2 is a type I voltage vector, 

and the two adjacent non-zero voltage vectors (v1 and v3) are 

type III vectors. The zero voltage vector (v7) is a type IV vector.  

After obtaining ei,s
pre (t0+2Tc,k), the preselected vector set is 

modified by comparing their amplitudes with bound limit 

radius ei,sw, ei,com. The modification rules are shown in TABLE 

II. If the predicted current error of the current voltage vector is 

smaller than the switching frequency boundary limit, the 

preselected vector set II only includes the current voltage vector. 

If the predicted current error of the current voltage vector is 

larger than the switching frequency boundary limit, the control 

of CMV will be considered and the preselected vector set II will 

include more voltage vectors. 
TABLE II 

MODIFICATIONS OF PRESELECTED SETS OF BASIC VOLTAGE VECTORS 

Current 

voltage 

vector 

Switching frequency 

boundary limit 
CMV boundary limit 

Preselected 

vector set II 

v0 
( )pre

0 c ,sw,s 2 ,0 iie t T e+   No {v0} 

( )pre
0 c ,sw,s 2 ,0 iie t T e+   No {v0 v1 v3 v5} 

v2 

( )pre
0 c ,sw,s 2 ,2 iie t T e+   No {v2} 

( )pre
0 c ,sw,s 2 ,2 iie t T e+   ( )pre

0 c ,com,s 2 ,1or3 iie t T e+   {v2 v1 v3} 

( )pre
0 c ,sw,s 2 ,2 iie t T e+   ( )pre

0 c ,com,s 2 ,1or3 iie t T e+   {v2 v1 v3 v7} 

According to Fig. 3 and TABLE II, the optimal voltage 

vector is obtained by minimizing the cost function based on the 

modified preselected vector set II. There are two cases for the 

composition of the preselected vector set I. If the current vector 

is a zero vector, the preselected voltage vector includes one 

type II vector and three types III vectors; if the current vector is 

a non-zero vector, the preselected voltage vector includes one 

type I vector, two III vectors and one type IV vector. 

B. The Law of The Size of The Multiple Bounds 

In MPCC-P, the relationship between the control targets in 

the cost function is completely parallel. The setting of the 

switching frequency penalty coefficient λsw and the CMV 

penalty coefficient λcom will affect each other, but there is no 

clear corresponding relationship between their value ranges. 

In MPCC-MB, ei,sw can be smaller than ei,com, or larger, or 

equal. However, according to preselected vector modification 

rules in TABLE II, the priority of switching frequency is higher 

than CMV. After the values of ei,sw is determined, the value 

range of ei,com can also be roughly determined. 

In a sampling interval, there will be a maximum value for the 

variation of current error, which is set to |Δei,max|. First, consider 

the case when ei,com is too small, that is 

 , com , sw , maxi i ie e e −   (15) 

When the predicted current error touches the boundary ei,sw, a 

state switch needs to be activated. However, the predicted 

current errors corresponding to all vectors are all outside the 

CMV boundary, that is 

 ( )pre

,s 0 c , com2 ,i ie t T k e+   (16) 

Therefore, the CMV suppression boundary is invalid at this 

time, and its control effect is equivalent to not performing CMV 

suppression at all.  

Similarly, consider the case when ei,com is too large, that is 

 , com , sw , maxi i ie e e +   (17) 

And the predicted current errors corresponding to all vectors 

are all within the CMV boundary, that is 

 ( )pre

,s 0 c , com2 ,i ie t T k e+   (18) 

Therefore, the CMV suppression boundary is invalid, and its 

control effect is equivalent to completely abandoning the zero 

vector, and the CMV will always remain Udc/3.  

Consequently, under a certain switching frequency boundary 

ei,sw, the value range of the CMV boundary ei,com is 

 , sw , max , com , sw , max- <  < i i i i ie e e e e +   (19) 

V. EXPERIMENT 

A. Experimental Platform 

The experimental platform is shown in Fig. 4. It consists of 

an induction motor and a PMSM. The two motors are 

connected through a coupling. The topology of the 

experimental platform is shown in Fig. 5. PMSM driven by 

inverter 1 is used as the traction motor. The dSPACE real-time 

simulation system is used as the controller of inverter 1. 

Inverter 2 drives the induction motor as a test system. Inverters 

1 and 2 are derived from AC-DC-AC converters. Each 

converter includes a diode three-phase rectifier bridge, an 

IGBT three-phase two-level inverter, and DC-link capacitors. 

Since the diode rectifier bridge cannot realize the electric 

braking energy feedback, the DC-link of the two converters are 

connected, and the three-phase power supply of 380V and 

50Hz is converted by the transformer as the AC input of one of 

the AC-DC-AC converters. 
dSPACE、Converter 、Motor  Computer

Transformer

 
Fig. 4. 4.4 kW experimental platform. 
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Fig. 5. The topology of 4.4 kW experimental platform. 

The main parameters of PMSM are shown in TABLE III. 

Limited by the laboratory space, in order to ensure safety, the 

inverter DC-link voltage is adjusted to 2Udc = 200 V. The rated 

frequency of PMSM is about 80 Hz and the rated speed is 960 
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rpm calculated according to no-load back electromotive force 

(EMF). The sampling frequency is 40kHz. 
TABLE III 

PARAMETERS OF PMSM TRACTION SYSTEM 

Parameter Value Parameter Value 

Rated power /kW 4.4 Magnetic flux linkage /Wb 0.181 

Rated speed/rpm 1500 Stator resistance /Ω 0.3 

Rated frequency/Hz 125 d-axis inductance /H 0.004 

Rated torque/N·m 28.4 q-axis inductance /H 0.0045 

Rated voltage/V 380 Pole pair 5 

Rated current/A 16.5 DC side voltage /V 200 

B. Cooperative Control of Current Distortion and 
Switching Frequency 

In MPCC-B with a sampling frequency of 40kHz, the 

experiments are carried out under rated frequency (80Hz) and 

1/4 rated frequency (20Hz), full load (16A) and 1/2 load (8A), 

respectively. In each operation condition, the switching 

frequency boundary ei,sw increases from 0A to 5A. ITDD, fsw, Csw, 

and Ucom are recorded. Fig. 6 shows the experimental results of 

the evaluation indicators varying with the switching frequency 

boundary ei,sw. The ITDD increases with the increase of the 

switching frequency boundary ei,sw, and the switching 

frequency fsw decreases with the increase of the switching 

frequency boundary ei,sw. 

 
(a) Current TDD ITDD. 

 
(b) Switching frequency fsw. 

 
(c) Product Csw of current TDD and switching frequency. 

 
(d) CMV Ucom. 

Fig. 6. The influence of ei,sw on performance indexes. 

 
(a) Phase current isa (rising step). 

 
(b) Current of dq-axis (rising step). 

 
(c) Phase current isa (falling step). 

 
(d) Current of dq-axis (falling step). 

Fig. 7. Experimental results of MPCC-B with ei,sw = 2.25 A. 

When 0A≤ei,sw<0.75A, with the ei,sw gradually increase, ITDD 

and fsw will not change significantly. Although the current 
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quality is good, the switching frequency is too high to be 

applicable for railway application. When ei,sw≥4.5A, although 

the switching frequency is very low, the current quality is too 

poor to be applicable. Although the CMV Ucom at low speed 

(20Hz operation condition) in the third stage (2.75A≤ 

ei,sw<4.5A) drops slightly, Csw in the third stage is larger than 

that in the second stage (0.75A≤ ei,sw<2.75A). Consequently, 

the second stage is preferred and ei,sw=2.25A is selected 

considering that the maximum frequency is no more than 1kHz 

in traction inverter. 

Fig. 7 shows the A-phase current and dq-axis currents when 

ei,sw=2.25A. The experimental conditions are: the fundamental 

frequency is 80Hz, the speed is 960rpm, and the rising step 

(0→16A) and the falling step (16→0A) are given at 25ms.  The 

adjustment times of the rising and falling steps are 3ms and 

1ms. 

C. Three-Objective Cooperative Control Considering 
CMV 

In MPCC-MB with a sampling frequency of 40kHz, the 

experiments are carried out under rated frequency (80Hz) and 

1/4 rated frequency (20Hz), full load (16A) and 1/2 load (8A), 

respectively. Besides, according to (19), the CMV boundary 

ei,com is around the switching frequency boundary ei,sw. ei,sw is 

set to 2.25A. Therefore, the CMV boundary ei,com increases 

from 1A to 3A in each operation condition. And ITDD, fsw and 

Ucom are recorded. 

The experimental results in Fig. 8 show the performance 

indicators varying with CMV boundary ei,com when ei,sw=2.25A. 

At the rated frequency, when ei,com<1.75A, the effective value 

of CMV at full load and 1/2 load remains unchanged at 42.69V 

and 50.02V respectively. When 1.75A≤ ei,com<2.75A, as the 

CMV boundary increases, the CMV gradually decreases to the 

lowest point 31.80V and 32.38V. The lowest point of CMV 

Ucom under the four operation conditions is Udc/3. Since the DC 

voltage varies during the experiment, the lowest point of CMV 

Ucom in each condition is slightly different. 

 
(a) Current TDD ITDD 

 
(b) Switching frequency fsw 

 
(c) Product of current TDD and switching frequency Csw 

 
(d) CMV Ucom 

Fig. 8. Experiments of the influence of ei,com on performance indexes. 

 
(a) 20Hz, ei,com=1.5A 

 
(b) 20Hz, ei,com=3.0A 

 
(c) 80Hz, ei,com=1.5A 
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(d) 80Hz, ei,com=3.0A 

Fig. 9. CMV of MPCC-MB method with ei,sw = 2.25 A. 

While the CMV suppression effect is gradually increasing, 

the current control performance is gradually getting worse. For 

example, under the rated frequency, ITDD increases from 6.42% 

to 7.09%, fsw increases from 888Hz to 1439Hz, and Csw 

increases from 57 to 102 at full load. According to the 

requirements of different performance evaluation indexes in 

actual application, ei,com can be set. 

Fig. 9 shows CMV when ei,sw=2.25A. In the experiment, 

|∆ei,max|=0.75A. Fig. 9 (a) and (b) are at 1/4 rated frequency; Fig. 

9 (c) and (d) are at rated frequency; in Fig. 9 (a) and (c), 

ei,com=1.5A; in Fig. 9 (b) and (d), ei,com=3.0A. For (a) and (c), 

ei,com–ei,sw=-0.75A=-|∆ei,max|. There is no CMV suppression 

effect. It can be seen that CMV Ucom has four states of ±Udc and 

±Udc/3 (Udc ≈ 100V in the experiment). For (b) and (d), ei,com–

ei,sw=0.75A=|∆ei,max|. The CMV suppression effect is the 

strongest, and the CMV Ucom at both speeds is only ±Udc/3. 

Since ei,sw, and ei,com represent the errors between the predicted 

current and the reference current, it is easy to adjust the 

suppression strength of the CMV according to the difference 

between ei,sw, and ei,com. 

VI. CONCLUSION 

MPCC-B is established to realize cooperative control of 

reference current tracking and switching frequency. The 

problem of switching frequency control is transformed into the 

limitation of the current ripple, so that the control parameters 

have a clear physical meaning. Considering multi-objective 

control, MPCC-MB is further proposed based on MPCC-B. On 

the one hand, it shows the scalability of MPCC-B. On the other 

hand, it shows the advantages of MPCC-B over MPCC-P in the 

design of multi-objective control parameters. In MPCC-MB, 

the two key control parameters corresponding to the switching 

frequency and the CMV have the same dimension and have a 

strong correlation with each other. Thus, blindness in the 

parameter design process can be avoided. The design theory of 

MPCC-MB can be widely applied to motor multi-objective 

control in a variety of application. And the control targets are 

also not limited to the switching frequency and CMV. 
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