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Abstract— Compared with the pulsewidth modulation-based
field-oriented control scheme, finite control set model predictive
control (FCS-MPC), which has been widely concerned, has great
advantages in fast dynamic response, multiobjective control, and
system constraint processing. The common-mode voltage (CMYV)
generated by the inverter will lead to bearing damage and
electromagnetic interference issues. This paper studies CMV
suppression method based on FCS-MPC for permanent magnet
synchronous motor fed by voltage source inverter. The use of
zero voltage vector can significantly increase the output CMV of
the inverter. The method of abandoning the zero vector directly
can decrease CMYV, but will lead to larger current distortion.
Replacing the zero vector with nonadjacent vectors is a better
way but will lead to higher switching frequency. When the CMV
is introduced into the cost function, the tradeoff between CMV
suppression and current distortion can be realized, but there
is no rule to be followed for weight coefficient design. In this
paper, we propose a variable FCS scheme based on current
ripple. Based on this scheme, CMV can be suppressed under the
premise that the current distortion is small, and the switching
frequency is not significantly increased. Based on the proposed
method, current distortion and CMYV can be well balanced under
different load conditions by setting the relative error limits.
Experimental results show that the proposed method has good
control performance under various operation conditions.

Index Terms— Common-mode voltage (CMYV), current rip-
ple, low switching frequency, model predictive control (MPC),
permanent magnet synchronous motor (PMSM).

I. INTRODUCTION

HANKS to the advantages of high power density, high
efficiency, and high reliability, the permanent magnet
synchronous motor (PMSM) drive system has been widely
used in industry and transportation. The common-mode volt-
age (CMV) generated by power electronic inverters may
cause a series of negative problems. The magnitude of the
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CMYV amplitude is an important measure of the strength of
electromagnetic interference. Large CMV can cause serious
damage to the insulation between the motor windings and the
motor bearings [1].

Hardware-based and software-based solutions to reduce
CMYV have been proposed. Compared with hardware solutions,
software solutions have attracted wide attention due to their
economy and flexibility. The basic idea of the pulsewidth mod-
ulation (PWM) technique is to synthesize the target voltage
vector with the basic voltage vector in one control cycle. For a
three-phase two-level inverter, it can output eight basic voltage
vectors including two zero vectors and six nonzero vectors.
The zero vector will generate a CMV of £Vq./2 between the
midpoint of the dc voltage and the neutral point of the motor.
A nonzero vector will produce a CMV of £Vq4./6. Based on
this idea, some CMV suppression methods are proposed, such
as active zero state PWM [2]-[5], near state PWM [5], [6],
and remote state PWM [7], [8]. A CMV suppression method
for back-to-back current source converter is proposed in [9],
which coordinates the active and zero vectors of both rectifier
and inverter.

In the recent period, rapid development of modern micro-
controllers has led to the development and implementation of
new and more intelligent control strategies for power convert-
ers as an alternative to traditional technologies. As one of these
powerful and attractive alternatives, predictive control has
received special attention. Finite control set model predictive
control (FCS-MPC) is an intuitive control method that does
not require linear controllers and modulators, and it is easy to
include nonlinear characteristics and constraints in the control
laws [10]-[32]. These advantages make predictive control
possible in the near future industrial applications. Based on
FCS-MPC scheme, several CMV suppression methods have
been studied [10]-[15]. In [10], a generalized approach based
on model predictive strategy for the current control, dc-link
capacitor voltages balancing, switching frequency reduction,
and CMV suppression in multilevel diode clamped converters.
The scheme proposed in [11] removes two zero vectors,
leaving only six nonzero vectors as candidates. Mun and
Kwak [12] use the idea of deadbeat control to achieve CMV
suppression. Although this method can reduce the computa-
tional burden, the differential calculation will produce a lot
of noise. Kwak and Mun [13] proposed to use two nonzero
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voltage vectors during each sampling period so that the total
harmonic distortion (THD) of the current can be reduced.
However, the algorithm needs to optimize the selection of
two vectors, which leads to computational complexity and
high switching frequency. In [14], in order to reduce the
switching frequency, switching between nonadjacent voltage
vectors is prohibited, and therefore, there are only four can-
didate voltage vectors. (In this paper, we call this method as
conventional 4VVs.) Based on the conventional 4VVs method,
Guo et al. [15] proposed to abandon the zero vector and use a
nonadjacent vector as the fourth candidate so that CMV can be
well suppressed. (In this paper, we call this method as nonzero
4VVs.) However, the switching frequency of this method will
be higher than conventional 4V Vs.

As the core control performance indicator of motor drive
system, current ripple should be given enough attention to.
The main goal of this paper is to examine how it can
mitigate the negative impact of CMV while keeping the current
ripple within an acceptable range. Therefore, we will consider
both current ripple and CMV as two key indicators in the
formulation of the control law. In addition, in order to adapt
this control law to different applications, we have studied how
to adjust the weight of each target within a certain range.

The following sections of this paper are arranged as follows.
In Section II, the basic structure of FCS-MPC for PMSM
is established and the relationship between output voltage
vectors of inverter and CMV is discussed. Section III shows
some existing method. Section IV shows the CMV suppres-
sion method based on current ripple proposed in this paper.
Section V collates and analyzes the experimental results.
Section VI is the conclusion.

II. BACKGROUND AND MODELING

In this section, the basic content of FCS-MPC is intro-
duced, and the FCS-MPC system of PMSM is constructed.
In addition, the effect of the inverter output voltage on CMV
is discussed.

A. FCS-MPC for PMSM

The model of PMSM in state-space representation is as
follows:

di (1)

=Fi(t)+ Gu(t) + E (1a)
where i(f) denotes stator current as the state vector,
u(t) denotes the input voltage vector, with the system
matrix F, input matrix G, and the back electromotive force
E, which can be described as

i) = lia(0), g1, w(t) = [ua(t), ug®)1"

_ —Rs/Lg qur () /La

F= __der(t)/Lq —Rs/Lq i| (16)
o [1/Lg 0

G = 0 1/Lq:|

-] O } (1¢)
N __V/fwr(t)/Lq

where iy and i, are the d-axis and g-axis components of
the stator current, and uy and u, are the d-axis and g-axis
components of the stator voltage. Forward Euler method can
be used to translate the model from the continuous-time to the
discrete-time domain:

i”(k +1) = Ai(k) + Bu(k) + C
i (k) = lia(k), ig ()", u(k) = [ua(k), ug (k)"

(2a)
(2b)

where x(k) represents the variable x corresponding to %,
x(k + 1) represents the variable x corresponding to k + 1, and
the superscript p represents the predicted value of the corre-
sponding variable. The system matrix A, the input matrix B,
and the back electromotive force C are as follows:

1 —RTy/Ly L Tsw,(k)/Ld}
A=1+FT, = st a
+ [—LdTSw,(k)/Lq | — Ry Ty/L,
. | Ts/Lg 0
B_GTS_[ 0 TS/LJ
C = ET, = [ 0 } (20)
T T~y T (k) /Ly

where I is the identity matrix, Ry is the stator resistance, Ty is
the sampling period, @, is the synchronous speed, Ly is the
d-axis inductance, and L, is the g-axis inductance. In order to
compensate for the existence of a delay in the actual system,
we need to predict the values corresponding to time step k+2,
so (2a) is rewritten as

i?(k+2) = Ai(k + 1) + Bu(k + 1) + C. 3)

Due to the large mechanical inertia of the system,
the approximation is considered

wr(k+2) ~ oy (k + 1) ~ o (k). “)

Consequently, the coefficient matrices A, B, and C are
approximated to be constants from time step k to k + 2.

The cost function is defined according to control objects.
In order to achieve current tracking control, the cost function
can be defined as the distance between predictive currents and
current references at time step k + 2, which is shown in the
following equation:

J = ligret — 15 (k + 2)[* + |igret — i (k +2)|? 5)

where igrer and igrer are the d-axis and g-axis current refer-
ences which are considered to be constants from time step k
to k + 2.

For three-phase two-level inverters, there are eight possible
switching states, corresponding to six nonzero voltage vectors
and two zero voltage vectors. According to (3), each candidate
voltage vector will have a corresponding value of the cost
function. The smaller the cost function, the smaller the devi-
ation between the predicted current and the reference current.
Finally, the voltage vector corresponding to the minimum
cost function is selected as the control command sent to the
inverter.
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Two-level three-phase inverter drive system.

TABLE I
CMYV OF THREE-PHASE INVERTER

Voltage Switch States Common-mode Voltage
Vectors {S2,5p55¢ } Ung

Vo {0,0,0} -Va/2

12 {1,0,0} -Vac/6

v, {1,1,0} Va6

v {0,1,0} Va6

vy {0,1,1} Va6

Vs {0,0,1} -Va/6

Ve {1,0,1} V4/6

V7 {1,1,1} Va2

B. Common-Mode Voltage Modeling

In a two-level three-phase inverter drive system, as shown
in Fig. 1, the CMV is defined as Ung, where Ung = Uno +
Uog- Since Upg is negligible compared to Uno, the CMV of
the three-phase inverter can be expressed as

UnG =~ Uno = (Ug + Up + Uc)/3. (6)

Since each bridge arm has two working states, the three-
phase inverter has a total of 2% = 8 working states, defined
as vg, v7. According to (6), the output CMV amplitude of
the three-phase inverter can be obtained in eight operating
states, as shown in Table I. The amplitude of Ung has two
states Vac/6 and Vyc/2. The CMV amplitude of the
zero-vector states v and vy is Vgc/2, and the CMV amplitude
of the other vector states is Vg./6. If the use of the zero vectors
vo(0, 0, 0) and v7(1, 1, 1) is forbidden, the inverter output
CMYV has only the amplitude of Vy./6, which can realize the
suppression of CMV.

III. CONVENTIONAL METHOD

The candidate voltage vector selection method used in [14]
is shown in Fig. 2. In this conventional 4VVs method,
the number of candidate voltage vectors is reduced from 8 to 4,
so the computational burden is reduced. Since switching
between nonadjacent voltage vectors is forbidden, at most one
bridge arm is active at each sampling period and the switching
frequency of the inverter is reduced.

N\ N\

Fig. 3. Nonzero 4VVs method [15].

In order to carry out the CMV suppression, Guo et al. [15]
use a new voltage vector selection method, as shown in Fig. 3.
In this method, the use of zero vectors is forbidden, and a
nonadjacent voltage vector is selected as the fourth candidate
considering the instantaneous current values. In this nonzero
4VVs method, the CMYV is limited to V4./6 and the method
shows good suppression effect. However, the switching fre-
quency of the inverter is higher than conventional 4VVs due
to the use of nonadjacent vectors.

IV. PROPOSED METHOD
A. CMV Suppression Based on Variable FCS

Fig. 4 shows the algorithm of the proposed method. In order
to take both current quality and CMV suppression into
account, it is necessary to adjust the zero vector usage strategy
in real time based on the operating state of the motor. If the use
of zero vectors is completely forbidden, it will inevitably cause
serious damage to the current quality, so we propose to use a
variable FCS, that is, the number of candidate vectors in the
FCS will be dynamically adjusted according to the predicted
current error.

In order to keep the switching frequency low, we use only
the adjacent voltage and zero vectors, as shown in Fig. 2, but
this is not a fixed vector selection mode. The difference is
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Fig. 4. Algorithm of the proposed method.

that in order to effectively suppress the CMYV, we propose
to prohibit the use of zero vectors in some special cases.
Therefore, the key point of the proposed method is to set an
evaluation criterion to dynamically change the selection mode
of voltage vectors during the operation of FCS-MPC system.

In each sampling period, the candidate vector includes three
nonzero vectors and one zero vector, so we can get four cost
function values Jy, Ja, J3, (calculated by nonzero vectors)
and Jy (calculated by zero vectors). Since the value of the
cost function represents the deviation of the predicted current
relative to the reference current, we set an error limit Jjjpy.
Then, according to (7) to determine if we need to use zero
vectors

Jo=Jo
Jo — +o00.

(N

casel : min(Jy, J2, J3) > Jim,
case2 : min(Jy, J2, J3) < Jiim,

Equation (7) contains two cases. In the first case, the cost
function values for all nonzero vectors are greater than Jjim,
which means that all of the predicted current deviations exceed
the set value. In order to try to ensure better current quality,
zero vector will participate in the optimization process as a
normal candidate vector. In the second case, the cost function
of some nonzero vectors is less than Jjiy,, which means the
predicted current deviation is still less than the set value even
in the absence of the zero vector. Therefore, the value of cost
function of the zero vector is modified to infinity, which means
that the zero vector will be removed during the optimization.

The value of the current error limit Jj, is determined
according to the current distortion requirements, and finally the
balance between the current precision control and the CMV
is reached.

In many applications, the speed and load of the motor
change frequently and significantly. Therefore, it is unwise to
set the current error limit to a fixed value. Therefore, the value
of Jiim can be set to vary according to current references, as is

V3 Vs

V4

Vs

Fig. 5. Effect of ideal voltage vector.

MEMORY
HiCORDER

Host Control
Computer Desk

Fig. 6. Experimental platform.

shown in the following equation:
Jiim = K2 (ic%ref + igref) (8)

where K is the current relative error limit. Obviously,
larger K can lead to a stronger CMV suppression effect,
while smaller K can lead to a weaker CMV suppression
effect. Therefore, the balance between the current control
performance and the CMV suppression can be realized by
simply adjusting the parameter K, and good current quality
can be obtained even at low speed or light load conditions.

B. Current Ripple Analysis

For low-switching-frequency applications, the switching rip-
ple becomes the main component of the current distortion.
In order to study the effect of CMV suppression method
on current quality, the relationship between zero vector and
current ripple needs to be discussed. We will derive the
switching ripple current based on the mathematical model
of PMSM.

According to the voltage equation of PMSM, we can get

di R wy L u

¥ P Ml

dt Ly L i Ly 9)

dig __ R wr(deld-i-l//f) L

dt Ly ? Ly Ly
Therefore, the amount of current change Aiy and Ai,

in a control cycle are expressed as (10), where 7; is the
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Fig. 7.
and THD = 6.21%. (¢c) K = 0.08 and THD = 6.56%.

sampling period

T,
§ R oy L
Aig :/ (——Sid + 0
0 Lq Ly

A L—;[ud — (Ryiq — @y Lgig)] =

Aj /Ts R .
g = ——1
q 0 Lq q

ug — (Ryiqg + oy Lgiqg + oryy)l

iq+ Z—Z)dt
—S(Md —uy)

Lq)dt (10)

o (Laia + Wf)
Lq

~

(g — “2)

NS

Assuming that the output voltage of the inverter is exactly
equal to the ideal voltage vector, the current will remain
constant under steady state, but it is obviously impossible
to achieve this because the inverter has only eight discrete
states. The direction of the current ripple vector generated by
a nonzero voltage vector in one control cycle is the same as the
vector difference of the applied voltage vector and the ideal
voltage vector, and the vector of the ripple current generated
by the zero vector is in the opposite direction of the ideal
voltage vector, that is,

T

Al = L—S(vk —v})

(1D
where v is the ideal voltage vector, and v is the actual
voltage vector generated by the inverter. The magnitude of
eight voltage vectors is

loxl =2Vae/3, (k =1,2,...,6) =0, (k=0,7). (12)

Therefore, when the ideal voltage vector is small, such as
vy, in Fig. 5, the ripple current generated by the nonzero
vector is larger than that of the zero vector. When the ideal
voltage vector is large, such as v}, in Fig. 5, the ripple current
generated by nonzero vector is smaller than that of the zero
vector.

According to the analysis earlier, when the motor is opera-
tion at low speed or under light load, the ideal voltage vector
amplitude is small, and the current ripple generated by nonzero

Proposed method with n = 600 r/min, 100% load. Waveforms of case, CMV, and motor current iy. (a) K = 0 and THD = 5.57%. (b) K = 0.04

TABLE 11
PMSM PARAMETERS

Parameters Values
Dc-link voltage (V) 750
Rated power (kW) 119
Rated speed (rpm) 975
Rated torque (Nm) 1100
Rated current (A) 169
Pole pairs 2
R (Q) 0.0778
L, (H) 0.005
L,(H) 0.01
y; (Wh) 1.35

vectors is greater than that of the zero vectors. To make the
equivalent synthetic vector during a period of time roughly
equal to the ideal voltage vector, more zero vector needs to be
used. Conversely, when the motor speed is higher or the load
is heavier, the ideal voltage vector magnitude is larger, and
the ripple current produced by the nonzero vector is smaller
than the zero vector. To make the equivalent voltage vector
synthesized during a period of time roughly equal to the ideal
voltage vector, the use of zero vector will be greatly reduced.

According to the above-mentioned analysis, zero vector
is urgently needed under light load conditions. If the zero
vector is forbidden, it will seriously affect the current quality,
which we do not want to see. Therefore, we use the method
shown in (8) to set the value of Jjiy,, where K represents the
ratio of the acceptable ripple current to the current command
amplitude. As the value of Jji, increases as the load increases,
the suppression of CMV also increases. It should be pointed
out that the heavy-duty operation is a more common condition
in industry and transportation than the no-load operation.

V. EXPERIMENTAL RESULTS

The experimental platform is shown in Fig. 6. This platform
has successfully supported the development of various types
of rail vehicle traction systems in China. It has been fully
validated for the simulation of actual vehicle traction systems.
Table II shows the PMSM parameters and rated values.
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Fig. 8. Proposed method with K = 0 (equivalent with the conventional 4VVs method). (al) 300 r/min, 10% load, and THD = 73.98%. (a2) 300 r/min,

50% load, and THD = 14.44%. (a3) 300 r/min, 100% load, and THD = 5.64%. (bl) 600 r/min, 10% load, and THD = 72.38%. (b2) 600 r/min, 50%
load, and THD = 11.37%. (b3) 600 r/min, 100% load, and THD = 5.48%. (c1) 900 r/min, 10% load, and THD = 67.64%. (c2) 900 r/min,50% load, and

THD = 12.13%. (c3) 900 r/min, 100% load, and THD = 7.57%.

The model of the motor and load runs in the dSPACE
platform. The controller is a traction control unit (TCU)
which was designed for metro vehicles. The TCU adopts 7U
standard machinery and 19-in-wide standard chassis structure
design. It adopts digital signal processor (DSP) + field-
programmable gate array (FPGA) hardware control architec-
ture. It has a wealth of peripherals including photoelectric
conversion module, ADC module, digital I/O module, flash

memory device, and communication module. The FCS-MPC
algorithm is implemented by DSP (TMS320C6748). Sampling
and driving pulses are performed by the FPGA. In this paper,
the sampling interval Ty is set to be 100 us. The host computer
is used to download algorithm to the TCU, and the control
desk is used to set the dSPACE. The sample and control
data are stored and displayed by a HIOKI 8860-50 Memory
Hicorder.
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Fig. 9. Proposed method with K = 0.05. (al) 300 r/min, 10% load, and THD = 76.77%. (a2) 300 r/min, 50% load, and THD = 14.01%. (a3) 300 r/min,
100% load, and THD = 7.09%. (b1) 600 r/min, 10% load, and THD = 67.55%. (b2) 600 r/min, 50% load, and THD = 14.63%. (b3) 600 r/min, 100% load,
and THD = 6.13%. (c1) 900 r/min, 10% load, and THD = 63.46%. (c2) 900 r/min, 50% load, and THD = 12.32%. (c3) 900 r/min, 100% load, and THD

= 7.71%.

For ease of comparison, several factors are used for eval-
vation. In order to quantitatively evaluate the suppression
effect of CMV, the percentage of zero vector usage ZV% is
defined as
100 - Ny

s
where f; = 1/T; is the sampling frequency and Ny is
the number of zero vectors used per second. Generally,
THD is used to evaluate the current distortion, but it is
unfair to compare THD under different switching frequencies,

ZN% = (13)

so the product P of the two can be used as an important
factor

P =THD% - fse¢q = THD% -

Ny
AT (14)
where the equivalent switching frequency fsq is calculated
from the number of switching times Ny in a period of time
AT (100 ms in this paper).

When the motor is operating at speed n = 600 r/min
with 100% load, Fig. 7 shows the case flag (waveform
on the top), phase current (waveform in the middle),
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and CMV (waveform at the bottom) when K equal
to 0, 0.04, and 0.08, respectively. Case flag case = 1 indicates
that the zero vector has been abandoned, whereas case = 0
indicates that the zero vector is contained in the FCS.
When K = 0 [see Fig. 7(a)], the proposed method is
equivalent to the conventional 4VVs method, so case = 1 all
the time. In this mode, the THD of i, is 5.57% and zero vector
which can lead to CMV = £Vq4./2 is used very frequently.
When K = 0.04 and 0.08 [see Fig. 7(b) and (c)], CMV is
greatly suppressed because zero vector is abandoned when
case = 0. In this mode, the THD of i, is 6.21% and 6.56%,
respectively, which shows that the current quality is slightly
lower than that of the conventional 4VVs method but it is still
within the acceptable range.

When K = 0, the proposed method is equivalent to the
conventional 4VVs method. Fig. 8 shows the waveforms at
different speeds and load conditions. It can be seen that there
are more zero vector usages at low speed and light load
conditions, and less frequent use of zero vectors at high speeds
and heavy loads.

When K = 0.05, Fig. 9 shows the waveforms at dif-
ferent speeds and load conditions. Comparing Figs. 8 and 9,
we can see that in order to ensure the current qual-
ity, the strength of CMV suppression varies according
to speed and load conditions. Under light load condi-
tions [see Figs. 8(al)—(cl) and 9(al)—(cl)], zero vectors are
extremely needed to maintain the current quality, that is,
the CMV suppression is weak. As for heavy load conditions
[see Figs. 8(a3) and (b3) and 9(a3) and (b3)], the necessity of
using zero vectors is weaker, so it is more easily to abandon
them. As a special case [see Figs. 8(c3) and 9(c3)], the ideal
voltage vector is close to the output limit of the inverter, so the
zero vector is not used any more.

Fig. 10(a) shows the values of ZV% of the conven-
tional 4VVs method and the nonzero 4VVs method. For
the conventional 4VVs method, according to the analy-
sis in Section IV-B, when the motor is operation at low
speed or under light load, more zero vectors are used to
maintain acceptable current ripple so that the percentage of
zero vectors is up to 25.49. Conversely, when the motor speed
is higher or the load is heavier, the use of zero vector is less.
Nonzero 4V Vs method does not use zero vectors so that ZV%
equal to zero. In other words, nonzero 4VVs method shows
very good performance on CMV suppression.

Fig. 10(b) shows the values of ZV % of the proposed method
with different K. Compared to the two methods in Fig. 10(a),
the proposed method exhibits a compromise performance in
terms of CMV suppression, with the percentage of zero vectors
lower than that of the conventional 4VVs method but higher
than that of the nonzero 4VVs method. In addition, from
the trend of ZV% versus stator current magnitude and the
operation speed, it can be seen that the proposed method
has stronger suppression effect on CMV under heavy load
conditions than under light load. In fact, the heavy-duty
operation is a more common condition in most industrial
applications.

Fig. 11(a) shows the equivalent switching frequency fseq of
three different methods: conventional 4VVs method, nonzero

Conventional
Vs

Non-zero

10 Vs 10
0 0
0 A g 0 A /
1000 0.5 1000 ey 0.5
> Current i, 500 @ T Current i,
Speed n (rpm) o 1 (inpu) Speedn(rpm) o 1 (inp.u.)
(a) (b)

Fig. 10.  Percentage of zero vectors usage ZV% versus stator current
magnitude and the operation speed of PMSM. (a) Conventional and nonzero
4VVs methods. (b) Proposed method with K = 0.04 and K = 0.08.

TABLE III
COMPARISON OF DIFFERENT METHODS OPERATING FOR 100% LOAD

Methods

Conventi
onal
4VVs
Non-zero
4VVs
Proposed
method
(K=0.04)
Proposed
method
(K=0.08)
Conventi
onal
4VVs
Non-zero
4VVs
Proposed
method
(K=0.04)
Proposed
method
(K=0.08)

Speed ZV% THD% £, P - 10°

21.24 6.90 1114 7.69

0 7.07 1405 9.93

50rpm

6.84 7.38 1013 7.48

1.68 7.71 1004 7.74

10.25 5.48 1005

0 5.94 1241 7.37

600rpm

3.79 5.83 959 5.59

0.41 912 5.75

4VVs method, and the proposed method. We can see that the
switching frequency of the nonzero 4VVs method is about
1500 Hz, which is significantly higher than the other two
methods. Since the proposed method does not use nonadjacent
voltage vectors, the switching frequency is not significantly
greater than the conventional 4VVs method, which is about
1000 Hz. Therefore, the proposed method is particularly
suitable for applications where the switching frequency is
strictly limited.

Fig. 11(b) and (c) shows a comparison of the current quality
of the three methods. Fig. 11(b) is the current THD% versus
stator current magnitude, while Fig. 11(c) is the product P
of THD% and switching frequency fseq versus stator current
magnitude. Although the current THD of the three methods
is almost the same, the conventional method does not have
the effect of CMV suppression. Compared to nonzero 4VVs
method, the proposed method can achieve almost the same
current quality at the expense of a lower switching frequency.

Table III is a value-based table for comparing the CMYV,
current THD, and switching frequency when PMSM drive
is operated for two different speeds at full load with
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Fig. 11.
versus current ig. (¢) Product of fseq and THD% P versus current ig.

different methods. In terms of CMV suppression, there is
no doubt that the nonzero 4VVs method has won the top
spot because ZV% is equal to zero. Comparing the proposed
method with the conventional 4VVs method, when K = 0.04,
7ZN % decreased from 21.24 to 6.84 (n = 50 r/min) and from
10.25 to 3.79 (n = 600 r/min). When K = 0.08, this factor
will be further reduced to 1.68 (n 50 r/min) and 0.41
(n = 600 r/min). For the equivalent switching frequency fseq.
current THD%, and the product P of the two, the proposed
method is comparable to the conventional 4VVs method. Due
to the switching between nonadjacent voltage vectors, the
values of fseq and P of the nonzero 4VVs method are higher
than that of the other two methods. The P value increased
from 7.69 to 9.93 (n = 50 r/min) and from 5.51 to 7.37
(n = 600 r/min).

VI. CONCLUSION

Based on FCS-MPC, this paper presents a CMV suppression
method considering the current ripple. A variable FCS is
adapted based on a cost function limit related to current ripple.
This method takes into account both CMV suppression and
current quality maintenance without increasing the switching
frequency.

By modeling the ripple current, the relationship between the
probability of using zero vector and the operating conditions
is analyzed. It is found that the zero vector needs to be used
in a large amount under low speed and light load conditions,
and the zero vector usage requirement is naturally reduced
when the voltage is close to maximum value. Therefore,
the proposed method focuses on reducing the probability of
using zero vectors under heavy load conditions, which is the
most common in industrial applications. The experimental
results show that the zero vector percentage ZV% is reduced
by 68% (K = 0.04) and 92% (K = 0.08) compared to the
conventional 4VVs method at 50-r/min full load operation.
At 600-r/min full load operation, ZV% is reduced by 63%
(K = 0.04) and 96% (K = 0.08) compared to the conven-
tional 4VVs method.

At the same sampling interval (100 us in this paper),
there is no significant difference in current THD between

Switching frequency and current quality comparison of three methods. (a) Equivalent switching frequency fseq. versus time. (b) Current THD%

the three methods. Nonzero 4VVs method provides a good
way to suppress CMYV, but the equivalent switching frequency
fseq and P values are increased compared to the conventional
4VVs method. Since the proposed method uses only adjacent
vectors like conventional 4VVs method, fieq, and P values
remain as low as the conventional 4VVs method. This is
important in applications where switching frequency is critical.
For example, rail transit traction systems generally require a
switching frequency below 1000 Hz.
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