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[PAPER

Simplified Reactive Torque Model Predictive Control of Induction
Motor with Common Mode Voltage Suppression

SUMMARY  To reduce the common mode voltage (CMV), suppress
the CMV spikes, and improve the steady-state performance, a simplified
reactive torque model predictive control (RT-MPC) for induction motors
(IMs) is proposed. The proposed prediction model can effectively reduce
the complexity of the control algorithm with the direct torque control (DTC)
based voltage vector (VV) preselection approach. In addition, the proposed
CMV suppression strategy can restrict the CMV within £V /6, and does
not require the exclusion of non-adjacent non-opposite VVs, thus resulting
in the system showing good steady-state performance. The effectiveness of
the proposed design has been tested and verified by the practical experiment.
The proposed algorithm can reduce the execution time by an average of
26.33% compared to the major competitors.

key words: induction motor, simplified reactive torque model predictive
control, prediction model, common mode voltage, steady-state performance

1. Introduction

Thanks to the advantages of simple structure, high reliability
and easy maintenance, induction motors (IMs) have widely
attracted widespread attention. As two basic closed-loop
control algorithms of IMs, field-oriented control (FOC) and
direct torque control (DTC) have attracted more attention [1].
In addition, model predictive control (MPC) has been widely
studied and applied in the field of motor control due to its
simplicity and fast closed-loop response in recent years [2],
[3].

In the field of AC motor control, model predictive torque
control (MPTC) has been paid special attention as it pro-
vides straightforward implementation, fast torque dynamic
response, and the consideration of other constraints and non-
linearities [4]. The authors in [4]-[7] proposed the reactive
torque MPC (RT-MPC) method to improve the system con-
trol including the model predictive current control (MPCC)
and the model predictive flux control (MPFC). Also, the
computational intensive control algorithm will affect the sys-
tem performance in MPC. The existing computational bur-
den reduction methods can generally be classified into two
categories as reducing the complexity of prediction models
and voltage vector (VV) preselection [5], [6], [8]-[11]. In
[5] and [6], the torque and flux references are equivalently
converted into a new flux reference or reference stator VV,
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thus reducing the complexity of prediction models.

The existing VV preselection methods can be divided
into two categories as online calculation and lookup table
(LUT) [8]-[11]. The candidate VVs are calculated based
on the deadbeat principle for the online calculation method,
which significantly reduces the computational burden and
achieves better control performance [8]. LUT method in-
cludes different preselection methods by using DTC princi-
ple, deadbeat principle, and cost function [8]-[11].

In the two-level voltage source inverter (2L-VSI), the
space vectors can be divided into two types, i.e., non-zero
VV (NZVV) and zero VV (ZVV). Compared with NZVVs,
the ZVV generates a higher common-mode voltage (CMV)
amplitude, resulting in higher bearing current and shaft
voltages, which causes damage to the motor and reduces
the reliability of the overall motor drive system [12], [13].
Hardware-based and software-based solutions to suppress
CMV have been widely used [14]-[25]. In the hardware-
based method, filters and special topologies are the two main
methods to suppress CMV, but this increases the hardware
cost[14], [15]. In the software-based method, it can be
divided into space vector pulse width modulation (PWM)-
based method and MPC-based method [16]-[25].

MPC allows the consideration of other constraints and
nonlinearities. Therefore, CMV can be suppressed by adding
nonlinear or CMV terms with weighting factors to the cost
function [17], [18]. Suppression of CMV by VV preselec-
tion is another MPC-based approach [19]-[26]. In [19]-
[21], ZVV is abandoned, and only six NZVVs are adopted
to restrict the CMV within +V;./6. In [20], a deadbeat
control is proposed to reduce the candidate VVs. In [21],
VV preselection considers both the reduction of switching
loss and CMV. However, the effect of deadtime is not con-
sidered in [19]-[21]. In [22], it is pointed out that non-
adjacent non-opposite NZVV switching combinations lead
to CMV spikes. Therefore, all non-adjacent non-opposite
NZVV switching combinations are pre-excluded. As a re-
sult, the CMV is completely restricted within +Vg./6. In
[23], the influence of deadtime on the non-adjacent non-
opposite NZVV switching combination is analyzed, and the
VV preselection method is further improved to improve the
control performance. However, VV preselection methods
that exclude non-adjacent non-opposite NZVV still have a
negative effect on steady-state performance.

This paper proposes a simplified RT-MPC strategy with
CMV suppression to reduce the CMV, suppress the CMV
spikes, improve steady-state performance, and reduce the
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computational burden. In order to reduce the computational
burden, the DTC-based VV preselection method is used to
reduce the number of candidate VVs, and a simplified pre-
diction model is proposed. In addition, a novel CMV sup-
pression strategy is proposed to restrict CMV within £V /6.
The proposed CMV suppression strategy does not need to
exclude non-adjacent non-opposite NZV Vs, thus resulting in
good control performance. The rest of this paper is organized
into four sections. Section 2 presents the theoretical basis of
CMYV and the classic RT-MPC. Section 3 presents the pro-
posed simplified RT-MPC. The simulation and experimental
validations are provided in Sect. 4, and the conclusion after
the comparative study is given in Sect. 5.

2. Theoretical Basis of CMYV and Traditional RT-MPC
2.1 Mathematical Model of IM

In the -8 coordinate system, the mathematical model of IM
driven by a 2L-VSI is given by [7]

u, = Ry + ddit )
'ﬁs = Lgis + Lii; = ls/(/lLr) + Lm'ﬁr/Lrs (2)
lﬁr = Liyis + Lyi; = _is/(/le) + Lrws/Lm’ 3)
. dig : ke (1 . U

is + TUE = R—G (;r —]npwm) v+ R—U, 4)

where us = [uy, ug]” is the stator VV; iy = [isq isg]"
and i; = [io irB]T are the stator and rotor current vector;
Y=Yl andy, = [Y,, ¥,z]" are the stator and rotor
flux vector; R, L, L;, Ly, are the stator resistances, stator,
rotor and mutual inductances, respectively; n, and wyy, are the
number of pole pairs and rotor angular speed, respectively;
A= 1/(Ler_L12n), 7 = Ly/Re, ky = Ly /Le, Rs = Ry +Rrk3»
To = 0Ls/Ry; 0 = 1 — L2, /(LL;) is the leakage inductance
coeflicient; R; is the rotor resistance.

2.2  Definition of CMV

The topology of IM fed by 2L-VSI is shown in Fig. 1 (a).
The CMYV is defined as the potential between the load neutral
point and the center of the dc bus [19]. In Fig. 1 (a), the CMV
can be calculated based on

Ve

where Ucpmy and Vg are the CMV of a 2L-VSI and the dc
voltage, respectively; uy, and Sy(x € {a,b,c}) denote the
voltage difference of phase x to o and the switching state
of phase x, respectively. In addition, Sy = 1 represents the
upper insulated-gate bipolar transistor (IGBT) of phase x is
turned on, and the lower IGBT of phase x is turned on when
Sy =-1.

According to equation (Eqn.) (6), the CMVs of eight
VVs in Fig. 1 (b) can be calculated, as shown in Table I[19].
It can be seen that the CMV of NZV Vs is +Vj. /6, while the

Ucmv =

133

(b)

Fig.1 IM system. (a) Topology of the system. (b) Eight VVs.

Tablel CMV of different VVs
VVs CMV
Vi, Vs, Vs -Val6
NZVVs
Va2, Va, Ve Vac/6
ZVVs Vo -Vad2
V; Vae/2

ZV Vs generate a larger absolute value of CMV.
2.3 Effects of Dead Time

Nowadays, scholars have proposed some control strategies to
suppress CMYV, such as the six NZVVs (6VV) strategy [19].
Unfortunately, due to the deadtime effects, there are still
some CMYV spikes under switching between non-adjacent
non-opposite NZVVs [22].

Thus, the five NZVVs (5VV) strategy is proposed in
[22] to eliminate the deadtime effects. In 5VV method,
the non-adjacent non-opposite NZVV switching combina-
tions are abandoned to suppress CMV spikes. In addition,
the ZVV is replaced with two opposite VVs to improve the
steady-state performance. Therefore, the candidate VVs of
5VV strategy include one ZVV and four NZVVs. However,
the torque, stator flux, and current total harmonic distortion
(THD) of the 5VV strategy will be increased due to the non-
adjacent non-opposite NZVVs are abandoned. In [23], the
causes of equivalent ZVV under deadtime are analyzed in
detail, the results show that the three-phase current direction
and non-adjacent non-opposite NZVV switching combina-
tions cause the CMV spikes. Therefore, a new VV prese-
lection strategy is proposed. Compared to SVV strategy, the
steady-state performance has been improved.

2.4 Traditional RT-MPC

The control diagram of RT-MPC is shown in Fig. 2, i,(x €
{a,b,c}) is the current of phase x, and Vo is the optimal
VV.

The external loop controller generates torque reference
T." and reactive torque reference Ty" based on proportional-
integral (PI), and the difference between reference speed w,;;,
reference flux |y *| and the corresponding actual speed and
actual flux, respectively. For stator and rotor flux estimation,
the basis state-space model of IM is given by
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di
f = Ayis + Ao, + Bu,,
g ©)
dls = A3ig + U,
Ay = jnpwm — ARsLy + R:Ly), )
Ay = AR: - ernpU-)m)’ A3 =-R;, B=AL,.

First, the Heun’s method was used to discretize (6) to
estimate the stator and rotor flux at kg, instant, and then to
predict the parameters at (k + 1), instant to compensate for
the one-step delay in the digital implementation [5], [30].

Second, the stator flux and stator current at (k + 2)g, in-
stant under different candidate VVs are predicted according
to the prediction model. Then, the reactive torque Tr(k + 2)
and torque T.(k + 2) under different VVs are obtained ac-
cording to the predicted values [7]. The prediction model of
RT-MPC is as follows

Yk +2) =y (k+ 1)+ TV - RTis(k + 1), 3
ig(k +2) = (k:(1~- j”pmer)‘/jr(k +1)+%Vy)

Ts/toRot + (1 = T5/76)is(k + 1), ©)
Tu(k +2) = L5ny (W (k +2) ® is(k +2)}, (10)
Tr(k +2) = 1.5np{l/15(k+2)®is(k+2)}, (11D

where V; (i € {0,1,2,...,7}) represents the candidate VVs,
® and © are the external and inner product operators, respec-
tively.

Third, a cost function containing reactive torque and
torque is designed to evaluate the control performance of all
candidate VVs, as shown in (12). It should be noted that
since reactive torque and torque have the same dimension,
the design of the weighting factors is avoided [7].

J =17 - To(k +2)| + Ty - Tr(k +2)|, (12)

where J represents the cost function value. The predicted of
torque and reactive torque under different switching states
are evaluated by (12), and the one that can minimize the cost
function is chosen and applied during the next control cycle.

ala
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Fig.2  Control diagram of RT-MPC.
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3. Proposed Simplified RT-MPC
3.1 Voltage Vectors Preselection

This paper uses the candidate VVs preselection method
based on the DTC principle. The candidate VVs are se-
lected using the present position of stator flux and torque
deviation AT, = T,* — T.. The present position of stator flux
0 is estimated as

6 = arctan(Ysg(k + 1) /so(k + 1)), (13)

where 5o (k+1), g(k+1) represents the real and imaginary
parts of the stator flux ys(k + 1), respectively.

In 2L-VSI, the space distribution of all VVs in the a-
B plane is divided into six sectors, and the sector number
change periodically by an angle /3 rad steps, as shown in
Fig. 3. Thus, the relationship of the sector number N and the
stator flux angle is given by

N = ceil((30 + n/2)/7), (14)

where ceil represents the function of rounding up.

As shown in Fig. 3, assuming ¥ (k + 1) is located in
sector I. For AT, > 0, the VVs (V,, V3) satisfying torque
increase (TT) are the candidate VVs. In addition, V, and V3
also satisfied the possible condition of stator flux deviation
Ay > 0or Ay < 0, where Ay = || -y, and |y | is the
amplitude of . For AT, < 0, V5 and V¢ are the candidate
VVs. When AT, = 0, Vy is the candidate VV. Generally,
it is necessary to employ the candidate VVs with the ZVV
to reduce the torque and stator flux ripples. Hence, the total
number of candidate VVs is three. With the same principle,
the candidate V'Vs for all the sectors are shown in Table 2.

3.2 Simplified Prediction Model

In the traditional RT-MPC, the prediction model includes the
prediction of stator flux, stator current, torque, and reactive
torque, and the prediction of stator current is complicated and
has a significant computational burden. Thus, an improved

\\\ P SE‘C/ TI: Torque Increase
c:@‘ OI'],
SV Vz TD: Torque Decrease
’ ’ FI: Flux Increase
D: Flux Decrease

Sector [V

Fig.3  Space distribution of all VVs of a 2L-VSI.
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Table2  Candidate VVs

AT >0 AT <0 AT=0
Sector I ViV Vs Vs Vo Vo
Sector II ViVaVo Vs Vi Vo Vo
Sector 11 VaVs Vo ivav Vo
Sector IV Vs Vs Vo Vi Vo
Sector V Ve Vi Vo ViViVo Vo
Sector VI Vi V2 Vo Vi Vs Vo Vo
Va(k) ZVV V, selected %:C;Eglﬁg
2 Vi) Vv vy 4

712 X 1.

T
ke, control period (k+1), control period

Fig.4  Replacement method of ZVV proposed in [22].

prediction model is proposed in this paper to reduce the
complexity of the prediction model.

Substituting (1) and (3) into (4) to eliminate the VV and
the rotor flux term, the expression is as follows

dyr
dr 15)

di

i (jrpwm — AR Ls)is + AL,

+ AR, = jLinpwm)¥ s,

According to first-order discretization, (15) can be
shown as follows

ig(k +2) = ig + AL (k +2), (16)
i = ((jnpwm—/erLs)is(k + 1)+/l(Rr—ernpwm)
W (k+ DTy +ig(k+1) = AL (K + 1). (17)

According to (10) and (11), since Y (k +2) @ ¥ (k +2)
=0, ¥ (k+2) 0¥k +2) = |p,(k +2)|?, the expressions
of proposed prediction model for torque and reactive torque
are demonstrated in Eqgs. (18) and (19). Only the stator flux,
torque, and reactive torque need to be predicted, which can
effectively reduce the computational burden of the control
algorithm.

Tu(k +2) = 1.5y (W (k +2) ® i}, (18)
Telk+2)=1.5n, {ws(k+2) © iyt AL |://S(k+2)|2} . (19)

3.3 CMV Reduction Strategy

Among the eight basic VVs generated by 2L-VSI, ZVV has
a higher CMV. To reduce CMV, and ensure steady-state
performance of IM, ZVV is often replaced with two NZVVs
placed in opposite directions with respect to each other, as
shown in Fig. 4. In addition, the non-adjacent non-opposite
NZVV switching combinations should be abandoned to sup-
press CMV spikes at deadtime [22]. However, it has a neg-
ative influence on steady-state performance [23]. A novel
CMYV suppression strategy is proposed to improve the steady-
state performance, reduce CMV and suppress CMV spikes.
The CMV suppression strategy is as follows:
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Casel ZVV: opt=0
abs(opt-old) =2 ||
_ Case2 non-aclljgcent non-opposite NZVV: abs(opt-old) = 4

abs(opt-old) = 1|
adjacent NZVV: abs(opt-old) =5

Case3
opposite NZVV: abs(opt-old) == 3

Fig.5  Three types of optimal VVs.

Table 3  Switching sequences of different types of optimal VVs
Condition Switching sequence

old>3 Vota — Vioia-3)

Case 1
old<3 Voia — Vioia+3)
Vopl =Vi V,—Vy

Case 2
Vopt = Vy Vi—V,

Case 3 Vopt

First, the optimal VV can be obtained from the three
candidate VVs in Table 2, the simplified prediction model
and the cost function of RT-MPC. Then, the optimal VV
is divided into three categories according to the switching
state of the previous control cycle: ZVV, non-adjacent non-
opposite NZVYV, and adjacent or opposite NZVV. The prin-
ciple of distinction is shown in Fig.5, opt and old are the
subscript i of VV V.

Second, it is processed according to different types of
optimal VVs, for the ZVV of case 1, utilizing the switching
sequence shown in Fig. 4. When it is an opposite or adjacent
NZVYV of case 3, the optimal VV is used as the output in one
control cycle. For the optimal VV in case 2, discarding the
optimal VV may result in a poor steady-state performance
but will produce CMV spikes during application. Therefore,
a control strategy is proposed to suppress CMV spikes and
improve steady-state performance.

The proposed control strategy inserts intermediate VV
between non-adjacent non-opposite NZVVs. For example,
assuming that the optimal VV at the previous control cycle
is V. In the present cycle, V¢, V3, and V4 are the candidate
VVs, and V4 is the optimal VV. Therefore, V3 is inserted
between V, and V4. Thus, the optimal VV of the present
control cycle consists of V3 and V4. The duty cycle of
V3 can be a fixed value or obtained by using duty cycle
calculation methods such as modulation MPC [27]-[29]. In
this case, the steady-state performance of the controller is
improved while the CMYV is suppressed. The proposed CMV
reduction strategy is summarized in Table 3, Vo140, Vopi, Vy»
V. are the previous, present control cycle optimal VV and
the two candidate NZV Vs, respectively.

3.4 Proposed Control Flow

The control diagram of the simplified RT-MPC method is
shown in Fig. 6. For clarity, the control flow is summarized
in the following steps:

Step 1: Measurement: sample the three-phase current
and rotor speed, then calculate the stator current in a-f3
frame.



136

SaSuSe, r—l I | |_\|

2L-VSI
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Fig.6  Control diagram of the simplified RT-MPC.

Step 2: Apply: apply the optimal VV V, of the previ-
ous control cycle.

Step 3: Estimate and delay compensation: estimate sta-
tor and rotor flux respectively. Then, predict stator current,
stator, and rotor flux based on V qp.

Step 4: VV preselection: candidate VVs are selected
according to (13), (14), torque deviation, and Table 2.

Step 5: Prediction: stator flux, torque, and reactive
torque, are predicted by (8), (18), (19).

Step 6: Cost function evaluation: the cost function (12)
is used to evaluate the predicted torque and reactive torque
values, and the optimal closed-loop action is obtained.

Step 7: CMV reduction: the optimal VV is classified
according to Fig. 5, then the switching sequence is obtained
according to Table 3.

4. Experimental Verification and Result Analysis

A test bench of the IM control system is established to verify
the validity of the proposed simplified RT-MPC strategy, as
shown in Fig. 7. The algorithm uses DSP28379D as the core
control device on the experimental platform. The IM uses
a 4-pole motor with a rated voltage 380 V, rated power 1.5
kW, and rated shaft speed 1400 r/min; the parameters of IM
are listed in Table 4. The IM is driven by IGBT module
(SKM50GB123D), and the DC bus voltage is about 540
V. The RT-MPC [8], 6VV strategy [19], SVV strategy [22],
and the proposed simplified RT-MPC are evaluated under 20
kHz operating conditions. In addition, the duty cycle of the
inserted VV in case 2 of simplified RT-MPC is 0.5. It is
noted that only the simplified RT-MPC uses the simplified
prediction model, while other methods use the prediction
model in reference [7].

4.1 Execution Time Comparison

The execution time of four control strategies is shown in
Fig. 8. The execution time of cost function optimization de-
pends on the number of candidate VVs and the complexity
of the prediction model, which is the most important to the
overall execution time. RT-MPC, 6VV strategy, SVV strat-
egy, and simplified RT-MPC rely on 7, 6, 5, and 3 iterations

IEICE TRANS. ELECTRON., VOL.E107-C, NO.5 MAY 2024

(DDSP28379 @) Control circuit power supply @DC power @) 2L-VST GIM

4 -

Fig.7  IM experiment platform.

Table4 IM parameters
Variables Parameters Values
Un Rated voltage 380V
np Number of pole pairs 2
Rs Stator resistance 2.742 Q)
R: Rotor resistance 1.08 Q
L Mutual inductance 0.2498 H
Ls Stator inductance 0.2582 H
L: Rotor inductance 0.2582 H
s Flux amplitude reference 0.82 Wb
Il A/D,PI M Flux observe and delay compensation
VV Preselection [ Cost function optimization [l Others
3.14 .04
TR-MPC W19.24ps
3.14 3.9 1.04
6VV strategy ” : Nll 7.65us
S5VV strategy ;14 ;9 = i17.36us
Simplified TR-MPC IS W 13.32ps

1 1 1 1 1 >
02 4 6 810121416 182022
Time(us)

Fig.8 Execution time of four control strategies.

respectively, and the simplified prediction model reduces the
execution time of a single prediction. As a result, compared
with RT-MPC, 6VV strategy and 5VV strategy, the execu-
tion time of the proposed simplified RT-MPC was reduced
by approximately 31%, 25%, and 23%, respectively. An av-
erage of 26.33% performance improvement is reached based
on the proposed control model.

4.2 Control Performance Comparison

The steady-state performance of RT-MPC, 6VV strategy,
5VV strategy, and simplified RT-MPC under different con-
ditions are tested, as shown in Figs. 9, 10 and 11. In Figs. 9,
10 and 11, the IM operates at 200 r/min, 800 r/min, and 1400
r/min with 10 Nm load, respectively. From top to bottom
are stator flux, torque, stator current, and the amplitude of
CMYV. In order to quantitatively evaluate the steady-state
performance of four control strategies, the torque and stator
flux ripple T _ripples ¥s_ripple are as follows

l n
Te_ripple = ; Z(Te(x) - Te*)zs (20
x=1



CHU et al.: SIMPLIFIED REACTIVE TORQUE MODEL PREDICTIVE CONTROL OF INDUCTION MOTOR WITH COMMON MODE VOLTAGE SUPPRESSION

137
w(1Wb/div) Vs ripple=4.76mWb w(1Wb/div) Vs ripple=0.55mWb w(1Wb/div) . Vs ripple=4.88mMWb w(1Wb/div) Vs ripple=4.78mWb
Te(ZONm/iv) Teinpple=0.612m T«(20Nmv/div) T 1ippic=0.796Nm T.(20Nnv/div) T rippie=0.918Nm T(20Nnv/div) . T rippic=0.726Nm

i(10A/div) THD=7.28% i(10A/div) THD=8.01%

i(10A/div) THD=9.88%

i(10A/div THD=8.68%

iR i

CMV(200V/div) #(40ms/div) RMS=244V CMV(200V/div) #40ms/div) RMS=91.7V  CMV(200V/div) (40ms/div) RMS=90.2V  CMV(200V/div) #(40ms/div) RMS=90.2V

(a) (b) (©) (d)

Fig.9  Steady-state performance comparison under 200 r/min, 10 Nm load. (a) RT-MPC. (b) 6VV
strategy. (c) SVV strategy. (d) Simplified RT-MPC.

w(1Wb/div) Ve sppi=4.61mWb | [y (1Wbrdiv) Vs sppc=6.61mWb y(IWb/div) Ve sippie=5.35mWb w(1Wb/div) Ve sippic=4.70mWb
T.(20Nm/div) T spptc=0.528Nm T.(20Nm/div) T, spp1c=0.867Nm T,(20Nm/div) T, 1ippte=0.97 INm T.(20Nm/div) T, sippte=0.636Nm
i(10A/div) THD=9.72%

i(10A/div) THD=8.54%

i(10A/div) THD=6.22% i(10A/div) THD=7.28%

CMV(200V/div) #40ms/div) RMS=199.1V CMV(200V/div) #40ms/div) RMS=92.4V CMV(200V/div) #(40ms/div) RMS=90.4V  CMV(200V/div) #(40ms/div) RMS=90.4V
(a) (b) ©) (d)

Fig.10  Steady-state performance comparison under 800 r/min, 10 Nm load. (a) RT-MPC. (b) 6VV
strategy. (c) SVV strategy. (d) Simplified RT-MPC.

w(1Wb/div) Vs ripple=4.47TmWb w(IWb/div) Vs 1ipple=0.69mMWb w(1Wb/div) Vs ripple=3.75mWb w(1Wb/div) Vs ripple=4.94mWb
T«(20Nm/div) T 1ipple=0.563Nm T«(20Nnv/div) T 1ipple=0.784Nm T:(20Nnvdiv) T ripple=0.73Nm T«(20Nm/div) i T rippie=0.619Nm
iy(10A/div) THD=6.13% i(10A/div) THD=7.98% i(10A/div) THD=8.13% i(10A/div) THD=6.81%

CMV(200V/div) #(40ms/div)RMS=140.1V  CMV(200V/div) (40ms/div) RMS=92.8V CMV(200V/div) #(40ms/div) RMS=90.7V CMV(200V/div) (40ms/div) RMS=90.7V
(a) (b) (© (d)

Fig.11  Steady-state performance comparison under 1400 r/min, 10 Nm load. (a) RT-MPC. (b) 6VV
strategy. (c) SVV strategy. (d) Simplified RT-MPC.

an amplitude of +Vg./2, and the CMV rms values are 91.7

lpsfripple =

2n

LS W) - s D2
n x=1

where T.(x) and y(x) are the measured torque and stator
flux, respectively, and n represents the number of samplings.

As shown in Figs. 9 (a), 10 (a), and 11 (a), RT-MPC uses
6 NZVVsand 1 ZVYV, thus the flux, torque ripple, and current
THD are lowest, and CMV root mean square (rms) values
is highest among the four control strategies. The CMV rms
values under different speeds are 244 V,199.1 V, and 140.1 V
respectively. When the rotor speed increases, the frequency
of NZVV as the optimal VV increases, resulting in the CMV
rms decreases. In addition, ZVV V and deadtime effects
result in CMV with an amplitude of +V4./2[22]. In the
6VV strategy in Figs.9 (b), 10(b), and 11 (b), the steady-
state performance is decreased due to ZVV elimination. In
addition, the effect of deadtime results in CMV spikes with

V,92.4V,and 92.8 V.

Unlike the RT-MPC and 6VV strategies, the CMV of
5VV and simplified RT-MPC strategies can be restricted to
+V4c/6, as shown in Figs.9(c), (d), Figs. 10(c), (d), and
Figs.11(c), (d). The CMV rms values of both methods
are about 90 V. The experimental results verify that the
proposed simplified RT-MPC can effectively reduce CMV
and eliminate CMV spikes caused by deadtime effect. The
flux, torque ripple and current THD of four control strate-
gies at different speeds are shown in Figs. 12 (a), (b), and
(c). In the VV preselection stage, the 6VV strategy directly
excludes ZVV, and the 5VV strategy excludes non-adjacent
non-opposite NZVV switching combinations, thus deterio-
rating steady-state performance. As shown in Fig. 12, the
stator flux, torque ripple, and current THD of simplified
RT-MPC are better than those of 6VV and 5VV strategies.
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Therefore, the simplified RT-MPC effectively reduces the
CMY, suppress CMV spikes, and provide better steady-state
performance.
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Fig.12  Rms of different indicators. (a) Flux. (b) Toque. (c) THD.
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The dynamic performance of the four control strategies
is tested. Figure 13 presents the dynamic response results
when the reference speed changes from 1400 r/min to —1400
r/min, and the dynamic response results of external load dis-
turbance under rated speed are shown in Fig. 14. Although
the four control strategies have different VV preselection
principles, they have almost the similar dynamic response,
which indicates that the proposed method can still have good
dynamic performance after reducing the candidate VVs. Fig-
ure 13 also shows that the simplified RT-MPC method has
good control performance under fast-speed step change. In
addition, the CMV of 5VV and simplified RT-MPC strate-
gies can be restricted to +V./6 under rated speed reversal
and an external load disturbance, as shown in Figs. 13 (c),
(d), and Figs. 14 (c), (d). The above experimental results
also show that the simplified prediction model has almost no
negative effect on the RT-MPC algorithm.

4.3 Parameter Sensitivity Experiment

In order to validate the robustness against motor parame-
ter deviation based on the simplified RT-MPC method, the
stator, rotor resistance, and inductance mismatch waveforms
are shown in Figs. 15 (a), (b), (c), and (d), respectively. R_s,
R_r, L_s, and L_r are the parameters of stator, rotor resis-
tance, and inductance in the control algorithm respectively.
Compared with the rotor side parameter mismatch, the stator
side parameter mismatch has more influence on the steady-
state performance. The stator current and torque increase
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Fig.13  Rated speed reversal condition comparison. (a) RT-MPC. (b) 6VV strategy. (c) 5VV strategy.
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with the increase of the stator resistance, after a transient
process for a period of time, and then return to a steady
state. When the stator inductance is increased, the stator
current and torque return to the steady state after a short
transient process. When the parameters on the rotor side are
mismatched, there is almost no negative effect on steady-
state performance. In addition, the CMV of the simplified
RT-MPC strategy can be restricted to +V;./6 under IM pa-
rameters mismatch.

5. Conclusion

In this paper, a new simplified RT-MPC strategy is proposed
to reduce CMYV, torque, stator flux ripple, current THD, and
suppress CMV spikes. To reduce the execution time of pro-
posed method, the DTC-based VV preselection method and
a novel simplified prediction model are used to reduce the
complexity of RT-MPC strategy. The experimental results
show that the simplified prediction model has no negative
effect on RT-MPC algorithm. In addition, a new CMV sup-
pression strategy considering deadtime effects is proposed
to restrict the CMV spikes and improve the steady-state per-
formance. The experimental results show that compared
to the RT-MPC and 6VV strategy, the simplified RT-MPC
can restrict CMV within +Vj. /6 and reduce execution time.
Compared to SVV strategy, the simplified RT-MPC has bet-
ter steady-state performance and lower execution time. In
addition, the experimental results also show that simplified
RT-MPC has good parameters robustness.
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