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ABSTRACT In order to solve the problem of the difficult design of weighting factor for model predictive
torque control (MPTC) of dual three-phase permanent magnet synchronous motor (DT-PMSM), this paper
proposes a MPTC strategy without weighting factor. Firstly, the virtual voltage vector (V) is introduced
to reduce the harmonic currents. Secondly, an approximate alternative principle for predicted current is
proposed, which simplifies the dual-vector prediction model and decreases the complexity of the prediction
model. The control set at (k + 1)th is selected by judging the change in torque and the position of the stator
flux, which reduces the number of candidate voltage vectors. Thirdly, the cost function is selected according
to the system state at two adjacent moments. The cost function separates the electromagnetic torque and the
stator flux, and eliminates the weighting factor. Decreasing the complexity of the prediction model, reducing
the number of candidate voltage vectors, the combination of the two methods in this paper can significantly
reduce the computational burden of the CPU. Finally, experiments verify the effectiveness of the proposed
method. The results show that the proposed method greatly reduces the calculation burden of the system
under the performance of electromagnetic torque does not change much.

INDEX TERMS Dual three-phase permanent magnet synchronous motor, model predictive torque control,

weighting factor, torque ripple, harmonic current.

I. INTRODUCTION
Recently, more and more researches on DT-PMSMs
have been conducted. Compared with three-phase motors,
DT-PMSMs have the characteristics of higher torque density,
better fault tolerance, and lower torque ripple [1]-[3].
Sliding mode control [4]-[7], fuzzy control [8], [9], and
model predictive control (MPC) [10] are used in different
fields due to their respective advantages. Among them, MPC
has developed rapidly in recent years. MPC technology has
been applied to motors, and the performance of the motors is
very outstanding [11]-[15]. The advantages of MPC are sim-
pler control structure [16], fast response speed [17], and easy
to modify the restriction conditions [18]. MPC has become
the most important control method after vector control and
direct torque control. The conventional MPC includes three
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main parts: 1) Collect the physical quantities at the present
moment; 2) Use the prediction model to predict the control
results of each control set; 3) Evaluate the prediction results
of the control set through the cost function, and screen out the
optimal control set to be used in the next control period.

In the three processes described above, the control sets
and the cost function can directly affect the control effect of
the system. The greater the number of control sets and the
more accurate the design cost function, the better the control
results obtained. Too many control sets or complex design
cost functions lead to a heavier computational burden on the
system. Therefore, the rationality of the design of the two
is particularly important. Compared with the conventional
three-phase motor MPC system, all control sets are predicted
in each control period, while the multi-phase motor control
sets are more. Predicting all control sets will generate a huge
amount of calculation [19]-[21]. As a result, the calculation
load of the microprocessor in a control period is significantly

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

VOLUME 9, 2021

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

112585


https://orcid.org/0000-0001-7204-8079
https://orcid.org/0000-0002-3917-7124
https://orcid.org/0000-0001-6371-5802
https://orcid.org/0000-0001-9821-8806
https://orcid.org/0000-0002-5048-4141

IEEE Access

Z. Zhang et al.: Predictive Torque Control Method for DT-PMSM Without Weighting Factor

increased. At the same time, using the principle of space
vector decoupling, the control set can be decomposed into
three mutually orthogonal planes. If the basic voltage vector
is directly used as the control set, which will cause the motor
to generate large harmonic currents [20]-[23], the harmonic
current will reduce the control performance of the system.
In summary, harmonic current and the computational bur-
den have become key issues in MPC method of multi-phase
motors.

[24]-[30] propose improvement methods to solve the prob-
lem of large harmonic currents. [27], [28] introduce the V3
method to suppress harmonic currents, which have verified
the effectiveness of the V3 method, but calculation burden
increases, and the switching frequency is increased to a cer-
tain extent. The prediction of the voltage vector will generate
a lot of calculations. In [29]-[31], only the basic voltage
vector with the largest amplitude is introduced as the control
set for prediction, which not only does not use the abundant
voltage vector of the multi-phase motor but also reduces the
control performance of the system. [32] introduces a voltage
vector screening method by direct torque control, using a volt-
age vector switching table to complete the optimal voltage
vector screening. However, this method does not simplify the
prediction model, which will cause a sudden increase in the
complexity of the calculation. [33] introduces a MPC method
without weighting factors. This method only evaluates the
magnitude of the V3, but it is difficult to realize for MPTC.
In [34], the V3 method and duty period optimization methods
are used to simplify the cost function, and only the stator
flux and current limit are evaluated in the cost function,
thereby avoiding the adjustment of the weighting factor. [35]
proposes a dual-vector MPC method, and introduces geomet-
ric principles to eliminate the weighting factor of the cost
function. The proposed method reduces the computational
burden. [36] introduces a novel predictive control method of
duty period without weighting factor, which simplifies the
cost function to only the stator flux component. Compared
with [34], the current limit is eliminated, and the computa-
tional burden is also reduced.

This paper focuses on harmonic currents, torque ripple
and calculation burden in the DT-PMSM predictive control
method. A MPTC method without a weighting factor is
proposed. Firstly, the V3 method is introduced to suppress
the harmonic currents. Secondly, the prediction model based
on the dual-vector is simplified, and the complexity of the
prediction model is decreased. Reduce the number of can-
didate voltage vectors by judging the change in torque and
the position of the stator flux linkage, which reduces the
computational burden. Thirdly, the cost function is adjusted
according to the system state, which eliminates the weighting
factor.

The remaining structure of the paper is as follows: in
Section II, the mathematical model of the DT-PMSM based
on the VSD transform and the conventional model predictive
torque control is presented, and in Section III, the specific
details of the proposed method and the structural block
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diagram of the method are presented. In Section III, exper-
imental results are given. Finally, conclusions are made in
section V.

Dual three-phase
PMSM

FIGURE 1. Scheme of DT-PMSM.

Il. CONVENTIONAL MPTC SCHEME

A. PREDICTION MODEL

The spatial structure of the DT-PMSM stator coil and the
connection between the six-arm two-level inverter are shown
in Fig.1.The two sets of stator windings have two independent
nodes. uy. is the DC voltage. DT-PMSM is modeled using
Vector Space Decomposition (VSD), and the VSD transfor-
mation matrix is expressed as (1):

P < R A B
2 2 2 2
0 Y3 31 LA
2 2 2 2
1 1 1 V3 V3
Typ==-|1 -5 - —-== = 0
3 2 2 2 2
0o Y3 V31 L
2 2 2 2
1 1 1 0 0 0
(0 0 0 1 1 1
(1)

In order to obtain the synchronous frame structure, Park
transformation is applied to the d — ¢ plane:

cos o sin @
Tag = |:—sin9 Cosei| @)

v ] 3)

where 6 represents the angle of the d axis of the rotor
relative to the o axis. By using this method, the model of
the DT-PMSM can be obtained in the synchronous reference
frame and x-y plane is as follows:

[va "q]T = Tig [ Ve

[(val [ R —orLyg|[ia Lals «[ia
_Vq___c')Ld R i||:iq:|+[Lq} b [iq]
0
+ 4
[“Wf} @
_Vx_ _ _R 0 ix X% ix
_Vy___o R][iy]+Llp |:iy] ©)
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where Vy, V, represent the stator voltage components in the
d-and g-axis; iy, iz represent the stator current components
in the d-and g-axis; R is the stator resistance; Ly, L, repre-
sent the stator inductances in the d-and g-axis. v, ¥, repre-
sent the flux in the x-y plane; vy represents the permanent
magnet flux; Vy, V) are the stator voltage components in
the x-y plane; i, and i, are the stator current components in
the x-y plane; w is the rotor angular velocity; P is the time
derivative operator; Lj is the leakage self-inductance, T, is
the electromagnetic torque, and 7, is the number of pole pairs.

B. LINEAR DISCRETIZATION AND COST FUNCTION
According to the conventional Finite-Control-Set MPC con-
trol principle, the predicted current at the (k+1)th is shown
as:

Ts .
is(k + 1) = is(k) + Z (us — Rsis(k)) + €dq

s

Vk + 1) = Tous(k) + (1 - f—in) Vs(k) + Yuq

. . . T
ls:l:ld lq]

L=t 1] )
edq = [a)Lqiq —w (Ldid + Iﬂf)]T

T
ws = |:1/fd 1/’qi|

R T
1ﬁdq = I:C‘“/qus + L—STst - w‘/fdi|
d

Based on the current prediction model and the stator
flux prediction model, the torque prediction model can be
obtained as:

To(k + 1)=3np (Yalk + Digk + 1) =gk + Digk + 1))
©)

The cost function of conventional MPTC is usually com-
posed of electromagnetic torque and stator flux at kth and
(k+1)th directly, and the purpose is to select the optimal
switching state. The calculation of electromagnetic torque
and stator flux at (k+1)th is introduced in [36]. The cost
function can be expressed as:

J =T} = Telk + D[+ 2 |y = ¢sk + D[ (10)

Among them, T and ¥ are the reference electromagnetic
torque and stator flux, and X is the weighting factor used to
balance the influence of electromagnetic torque and stator
flux. The design of the weighting factor is a relatively tedious
task.
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C. PREDICTIVE VOLTAGE VECTORS

The DT-PMSM is powered by a six-phase voltage source
inverter, which has a total of 2° = 64 switching states
[SASBScSuSvSw], where S; =1 (i = A,B,C,U,V,W) when
the upper arm is ON; S; = 0 (i = A,B,C,U,V,W) when the
lower arm is ON. Each switch state corresponds to a basic
voltage vector in both planes. The 64 switching states of the
inverter are arranged according to the binary numbers. For
example, Vi3 means 001101, which means that the lower
bridge arm of phase A, B and V is ON, and the upper bridge
arm of phase C, U and W is ON. Among the 64 states of the
inverter, there are 60 active basic voltage vectors and four zero
voltage vectors are Vy, V7, Vs¢ and V3. The active voltage
vectors can be categorized into four groups: G1(0.644u4.),
G2(0.47ug.), G3(0.331ug.), and G4(0.172u4.).

FIGURE 2. Basic voltage vectors in the (a) x-y plane and (b) z, —z, plane.

The 64 basic voltage vectors of the six-bridge arm inverter
can be distributed in three mutually orthogonal planes, x-y,
71-22, and o1-0a, where the 01-0, plane is zero. The basic
voltage vector distribution is shown in Fig.2. Evaluating all 64
voltage vectors is redundant. The usual method is to evaluate
the 12 basic voltage vectors with the largest amplitude, and
then use them in the cost function at the next moment.

IIl. PRINCIPLE OF THE PROPOSED MPTC METHOD

A. SYNTHESIZATION OF PREDICTION VECTORS

The advantage of the DT-PMSM is that the voltage vector is
abundant, which provides a new way for harmonic currents
suppression. Use the V3 method to solve the related problems
of harmonic currents. According to (5), it can be seen that
zero voltage determines zero current. Therefore, the ampli-
tude of the V3 is equal to zero in the z1-z» plane. It can be
seen from Fig.2 (a) that the amplitudes of V,7 and Vg are
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different, but the phases are the same, which means that V7
and Vjo have the same effect on electromagnetic torque and
stator flux.

Va7 and Vio are opposite directions in the zj-z plane,
so the two have opposite effects in terms of harmonic effects.
Similarly, the voltage vectors of the G1 and G2 groups also
have these characteristics. Therefore, the voltage vectors of
G1 and G2 are used to synthesize V?s. The calculation of the
V3 synthesized by V27 and V| is as follows:

Vo7l = n21Vipl =0
n Va7l = n2 [ Viol (11
n+m=1
n1 and n, are obtained by calculation;
n1 =0.269, ny=0.731 (12)

VViy(Va6,Vi9) VV3(V27,Vi0)

VV5(Vis, Vo) VVa(Vi1,Vas)

VVe(V22,Vs0) VVi(Vo,Va3)
1 9, V43

VV7(Vs4,V20) VVia(Va1,Vi3)

VVi(Vs2,V3g) VVi1(Vas,Vs3)

VVy(V36,Vs3)
FIGURE 3. Spatial distribution of V3s.

VV10(V37,Vas)

Fig.3 shows the spatial distribution of the V3s. The ampli-
tude of the V3 is 0.597uy,. Similarly, the V3 is synthesized
by G2 and G4, which can also have the effect of harmonic
suppression, but the amplitude of V3 is 0.345u,4.. And the
voltage utilization rate is reduced by about 25%, so G1 is most
suitable for synthesizing V> with G2.

B. SIMPLIFICATION OF PREDICTION MODEL
The prediction model based on the dual-vector is shown
in (13).

i (k D=1 RST2 1 RSTl i (k
ld(—l-)—(—Ld)((—Ld)ld()

T,
+Thwiy(k) +—ud1 (k)

1w ((1 RLTI) iy (k) — Tywig(k)

7
1
——l/ffle + L uql(k)) + L—udz(k)
) RT» RTy\ . .
gk +1) = (1 — ) ((1 - ) iy (k) — Tywiq(k)
Ly Ly

RsTl .
k
I, ) iq(k)
T 1 T
+Twiy(k) + Eudl(k) - L—qwfsz + L—quqz(k)
(13)

T,
——l/ffa)Tl + uql(k)) —Tho ((
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FIGURE 4. Approximate schematic.

where T = T+ T>, T1 and T, represent the action time of the
two vectors. From (13), it can be seen that the conventional
prediction model using the V3 method is very computation-
ally intensive. An approximate alternative principle will be
used to calculate the predicted current, and the schematic
diagram is given in Fig.4.

In Fig.4, i;(k) is the effect of u; acting alone on ig within
Ty, ix(k) is the effect of uy acting alone on ig within Tj.
i2(k+T1) is the effect of uy acting on is(k+T1) within T, after
the effect of u; acting on i5. Regardless of the interaction of
the two voltage vectors in one control period, only the indi-
vidual effect of the two voltage vectors on the motor is consid-
ered. Use ip(k) instead of i (k+T) to synthesize approximate
current values. According to this principle, all terms of T
and T, multiplication in the original prediction current model
can be omitted. Since T and T, multiplication values in
one sampling period are very little, the current error will not
be very large. The ideal value is the current value before
simplification and the actual value is the current value after
simplification. The current value at (k 4 1)th can be expressed
in (14).

istk +1) = ig(k) + 5111 + 521>

dis(k) T .
5] = —— = —(u; — Ryis(k)) + e
1 dd(tk) . Ls( 1 sis(k)) dg (14)
is Ts .
” dt =y, Ls (1 = Rs )+ eaq

The current prediction model can be obtained after
simplification:
ig(k + 1) = iqg(k)
+Z(ule1 + ugaTr — RsigTy + wLiyTy)
ig(k + 1) = iz(k)
+Z(uq1T1 +upT>

(15)

— RyiyTs + wLigTy — wysy)

Compared with (13), (15) is much simpler, which used the
approximation principle. Similarly, a simplified model of the
stator flux can be obtained:

Ry
Yalk + 1) = Tug1(k) + Touga (k) + ( - —T) Ya(k)
Ry Ry
toy (k)Ts + ZTS‘ + fTvlpf
Yylk + 1) = Tyugi (k) + Tougp (k) + (1 -

—oya (k)T

sn)wgm

(16)

VOLUME 9, 2021



Z. Zhang et al.: Predictive Torque Control Method for DT-PMSM Without Weighting Factor

IEEE Access

C. SIMPLIFICATION OF CONTROL SETS AND
ELIMINATION WEIGHTING FACTOR
From (17), the influence of voltage vector on electromagnetic
torque and stator flux can be obtained.

dl. Ry

3p 3p
ke _L_sTe — L—Swwslﬂf cosd + L—SlﬁstyCOS8

v, = u;Ts cos O e
dt = Usly Us Yy

where § is the electromagnetic torque angle, 6,y is the angle
between the voltage vector and the stator flux.

It can be seen from (17) that the voltage vector affects the
change of stator flux and torque. When the angle between the
voltage vector and the stator flux is less than 90°, the ampli-
tude of the stator flux increases; if the angle is greater than
90°, the amplitude of the stator flux decreases. When the
voltage vector and the stator flux rotate in the same direction
and the angle between the two is less than 180°, the amplitude
of electromagnetic torque increases; when the voltage vector
and the stator flux rotate in the opposite direction and the
angle between the two is less than 180°, the amplitude of
electromagnetic torque decreases.

TABLE 1. System states judgment.

System States |T."-T.| at (k-1)th |T."-T.| at k th

From dynamic to

Steady state More than Br

Less than Br

Dynamic More than Br More than Br

Steady state Less than Br Less than Br

From steady state to

. Less than Br
Dynamic

More than Br

The Te(k) at kth and the Te(k—1) at (k—1)th can be
obtained through the control system, and the operating state
of the system is judged according to the difference between
the torque value and the reference torque value at the two
moments. The basis for judging the system states is shown
in Table 1, where Br is the bandwidth of the torque hysteresis
controller in direct torque control. It is specified that the
torque is dynamic state when it needs to be changed, and
steady state when it does not need to be changed. When
|T)—T,| is greater than Br, the torque needs to be changed,
and the system state is dynamic, and when |T)—T,| is less
than Br, the torque does not need to be changed, and the
system state is steady.

According to the torque error of the system at two
moments, it can be divided into four states: from dynamic
to steady state, dynamic state, steady state and from steady
state to dynamic. These four states will be analyzed in detail
below:

1) THE SYSTEM CHANGES FROM DYNAMIC

TO STEADY STATE

If the system changes from dynamic to steady state, the volt-
age vector selected at (k—1)th will cause the torque to change

VOLUME 9, 2021

rapidly at the next moment. At this time, the sector where
the stator flux is located can be roughly judged based on the
torque change after the voltage vector is applied. Assuming
that the voltage vector selected at (k—1)th is Vi, the positions
of the stator flux at (k—1)th are roughly S3, S4, So, and
S10. Assuming that the stator flux does not change in a
control period, the sectors where the voltage vector selected
at (k+1)th are S3, S4, So, and S;g according to the system
state at kth. The candidate voltage vector is VV3, VVy4, VVs,
VVy, VV10, VV11. The method of selecting the control set is
shown in Fig.5(a).

2) THE SYSTEM IS DYNAMIC STATE

If the system is dynamic state, the voltage vector selected at
(k—1)th and kth will cause the torque to change rapidly at
the next moment. The sector where the stator flux is located
can be roughly judged. Assuming that the voltage vector
selected at (k—1)th is Vy, the sectors where the stator flux
is located at (k—1)th are S3, S4, So, and S1g. And assuming
that the stator flux does not change in one control period,
the sectors where the voltage vector selected at (k 4+ 1)th
are S1, S¢, 57, and Sy according to the system state at
kth. The candidate voltage vector is VV,, VVy, VVis, VV,
VV7, VVg. The method of selecting the control set is shown
in Fig.5(b).

3) THE SYSTEM IS STEADY STATE

If the system has been in steady state. The voltage vector
will not make the torque change rapidly. Assuming that the
voltage vector selected at (k—1)th is V1, the sectors where
the stator flux is located at (k—1)th are Sy, S¢, S7, and Si5.
And assuming that the stator flux does not change in one
control period, the sectors where the voltage vector selected at
(k4 D)th are S1, S¢, S7, and S12 according to the system state
at kth. The candidate voltage vector is VV,, VVi, VVi5, VVe,
VV7, VVg. The method of selecting the control set is shown
in Fig. 5(c).

4) THE SYSTEM CHANGES FROM STEADY

STATE TO DYNAMIC

If the system changes from steady state to dynamic, the volt-
age vector selected at (k—1)th will not cause the torque to
change rapidly. Assuming that the voltage vector selected at
(k—1)th is Vi, the sectors where the stator flux is located
at (k —1D)th are roughly Sy, Sg, S7, and Si2. Assuming
that the stator flux does not change in a control period,
the sectors where the voltage vector selected at (k + 1)th
are S3, S4, So, and Sy¢ according to the system state at
kth. The candidate voltage vector is VV3, VV4, VVs, VVo,
VVi0, VV11. The method of selecting the control set is shown
in Fig.5(d).

When the system changes from dynamic to steady state,
the voltage vector selected does not need to make a rapid
change in torque, and the cost function does not contain the
component of the torque error. Since the voltage vector has a
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VVs

VVi
VVi

VVs

VVi,
VVi

VVy VVi,

(c) (d)

FIGURE 5. The method of selecting the voltage vector set. (a) the system
changes from dynamic to steady state. (b) the system in dynamic state.
(c) the system in steady state. (d) the system changes from steady to
dynamic state.

TABLE 2. System states and cost function selection method.

System State Cost function selection

From dynamics to steady state Ji
Dynamic state J

Steady state Ji

From steady to dynamic state S

little effect on the torque, the torque error can be omitted, and
then the cost function is shown as follows:

T = s+ 1) — v

Since (18) eliminates the torque component, which reduces
the complexity of the system to a certain extent. In the same
way, if the system is always dynamic, the voltage vector
selected needs to make the torque change rapidly, and the
cost function does not contain the component of the stator
flux error. Since the selected voltage vector has little effect

(18)

TABLE 3. Comparison between proposed method and known ones.

on the stator flux, the stator flux error can be omitted, and the
cost function is as follows:

Jo =Tk + 1) — T} (19)

Table 2 shows the system states and the corresponding
method of selecting the cost function. The corresponding cost
function is different when the system is in different states. The
four system states correspond to two cost functions.

Select the
Optimal voltage
veetor

on
Eq.(18)or
Eq(19)

-— N

A0
iy ’l/ 0 @ u, |n
Ligc
Pulse
- K%

DT-
- PMSM generation
urw

FIGURE 6. Proposed MPTC control flow.

Coordinate
transformation

The system flow is shown in Fig.6.

Step 1: Collect the current value, speed value, and electrical
angle value through the sensor.

Step 2: Calculate the reference electromagnetic torque
through the outer speed loop.

Step 3: The state of the system is obtained from Table 2.
Selecting the candidate voltage vector at (k + 1)th by describ-
ing the four principles in Fig.5, and then select (18) or (19) as
the cost function.

Step 4: Bring the voltage vector, iy(k), iy(k), and @ w into
(15) and (16), which can predict the electromagnetic torque
at (k + Dth T,(k+1) and stator flux at (k + 1)th yg(k+1).

Step 5: Evaluate the candidate voltage vectors using the
selected cost function.

Step 6: Select the optimal switch state through the cost
function, and output a PWM signal.

D. COMPARISON BETWEEN PROPOSED METHOD

AND KNOWN ONES

The comparison between the proposed method and the known
method is shown in Table 3. In [31], the harmonic currents are

Reference [31] [32] [36] [37] Proposed

Weighting factor No Yes No No No

Harmonic reduction Unified Flux observer V3 V3 V3

Number of candidate vectors 13 6 13 3 6

Simplified prediction model No Yes No No Yes

Computation burden No Reduced No Reduced Significantly
Reduced

112590
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not suppressed since only 12 vectors from G1 (see Fig.2), and
the computational burden is almost the same as the traditional
MPTC method. In [32], a flux observer method is used to sup-
press harmonic currents. Based on the switching table of the
magnetic flux position and torque deviation, the appropriate
voltage vector is preselected in the x-y and z;-z» planes. The
number of candidate voltage vectors is reduced to 6. However,
the cost function includes a weighting factor, and there is a lit-
tle reduction in the calculation burden. [36] proposes a MPTC
based on the optimization of the duty period, which reduces
the harmonic currents according to the V3 method and the
duty period optimization methods, and the computational
burden is slightly increased compared with the traditional
MPTC method. [37] greatly reduces the number of candidate
vectors to 3 and cost function without weighting factor, and
the calculation burden is reduced. In the method proposed
in this paper, the cost function does not include weighting
factor. The method also simplifies the prediction model and
reduces the number of candidate voltage vectors. Compared
with the above-mentioned method, the computational burden
is significantly reduced.

“’Vatercooling
TMS320F2 %‘ A
fvertd 4

Microcontroller power
supply

FIGURE 7. Experimental platform.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

In order to verify the effectiveness of the proposed method,
an experimental platform based on DSP28335 is built as
shown in Fig.7. The c language code is developed in ccs6.0.
In addition, the phase current is collected by a current probe
(Tektronix TCO404XL), and the electromagnetic torque and
speed are collected by a torque sensor (K-T40B-500Q). The
waveform observation is realized by a digital storage oscil-
loscope (Tektronix MDO3024). The sampling frequency is
set to 10 kHz. The main parameters of DT-PMSM are shown
in Table 4. In this paper, the conventional MPTC method
that introduces the basic voltage vector as the control set
is named MPTCI1. And the MPTC method that introduces
the V3 method but does not simplify the prediction model,
control set, and with a weighting factor in the cost function
is named MPTC2. The MPTC method proposed is named
MPTC3.

VOLUME 9, 2021

TABLE 4. Parameters of DT-PMSM.

Parameter symbol Numerical value
Stator resistance R, 0.002
d-q axis inductance La Lg 0.4mH
Rated speed n 3000 rpm
Rated torque T, 80 Nm
Number of pole-pairs n, 4

A. STEADY STATE PERFORMANCE
The steady state performance is tested under the speed
of 1500 revolutions per minute (r/min) with 40N-m
load. The harmonic currents of MPTC1, MPTC2, and
MPTC3 are investigated. From Fig.8, it can be concluded
that MPTC1 does not use the V3 method, so the harmonic
currents are relatively large. The control sets of MPTC2 and
MPTCS3 are the same and both use the V3 method, the cur-
rent waveform distortion is not obvious. Fig. 9 shows the
fast Fourier transform analysis results of the phase currents.
The phase current total harmonic distortion (THD) of the
three methods is 15.44%, 6.9%, and 7.5%, respectively. The
THD of phase current at the rated speed under different
loads (from 0.1 to 1.0p.u of the rated load) is investigated
as shown in Fig.10. The harmonic currents of MPTCI are
greater than that of MPTC2 and MPTC3 under whole load
conditions.

In order to be able to analyze the torque ripple performance
of the proposed method operating at different speeds, (20)
shows the formula for the torque ripple in steady state.

1 n
Tsﬁripple = \/; Zj:] (TSJ' - TLav)2 (20)

where Ty; is the sampled instantaneous value of torque, T g,
is the sampled average value of torque, and T _yipp. is the
average value of torque ripple.

The generation of torque ripple is related to the con-
trol set (the more control sets, the littler the torque ripple).
MPTC1 uses 12 basic voltage vectors (see G1 from Fig.2)
as the control set, MPTC2 uses 12 V3s (that is, 24 basic
voltage vectors, see Fig.3) as the control set. It can be seen
from Fig. 8 that compared to MPTC2, MPTCI1 has a larger
torque ripple. MPTC3 uses 6 V3s (see Fig.5) as the con-
trol set. The cost function of MPTC3 does not contain the
torque error component when MPTC3 is in steady state or
when moving from dynamic to steady state, therefore the
torque ripple is increased compared to MPTC1 and MPTC2.
The torque ripple under different speeds with 98N-m load
is investigated as shown in Fig.11. In the whole speed
range, the torque ripple of MPTC3 is greater than MPTCl1
and MPTC2.

B. DYNAMIC RESPONSES PERFORMANCE

In order to better study the control performance of the system,
the dynamic response performance of the system is tested.
When the motor has a load of 40N-m, the DT-PMSM speed
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FIGURE 10. THD of A-phase current at 3000r/min under different load
commands. FIGURE 11. Torque performance at 98N-m under different speed
commands.
is 1000r/min, and then the speed is suddenly increased to
1500r/min. Fig.12 shows the change of the phase current and suddenly. For the three methods, the phase current changes
the response of the speed when the DT-PMSM accelerates smoothly, the response time is almost the same (the system
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response time is about 220ms), and the speed curve has not
an overshoot. For MPTC3, it inherits the satisfactory dynamic
performance of MPTC1 and MPTC2.

C. COMPARISON OF COMPUTATIONAL BURDEN

The computational burden of the proposed method is stud-
ied. The computational burden is related to the number of
candidate voltage vectors in the control set, the complexity
of the prediction model. It can be seen from Fig.13 that
MPTC3 takes a short time in the calculation of the prediction
model. Compared with MPTC1 and MPTC?2, the total calcu-
lation time of MPTC3 is greatly reduced. The total calculation
time of MPTC3 is less than 30us, which means that the
switching frequency can theoretically be increased to about
33kHz. The combination of simplifying the prediction model
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and reducing the number of candidate voltage vectors can
greatly reduce the calculation burden.

V. CONCLUSION

In this paper, a MPTC method without weighting factor is
proposed and successfully applied to DT-PMSM. The contri-
butions of this paper are as follows:

(1) The V3 method is introduced, which can significantly
reduce the harmonic currents compared with the conventional
MPTC method.

(2) The cost function is selected according to the system
state, eliminating the weighting factor and avoiding the prob-
lem of the difficult design of weighting factor.

(3) The methods are proposed to simplify the dual-vector
prediction model and to reduce the number of candi-
date voltage vectors. The complexity of the prediction
model is decreased and the number of candidate voltage
vectors is reduced from 13 to 6, which reduces the com-
putational burden on the CPU by combining the two
methods.

The advantages of the methods proposed in this paper
have all been demonstrated experimentally. At the expense
of a little torque performance, the CPU is significantly
less computationally burdened. The total is an execution
time of about 30us and the inverter can theoretically
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operate at about 33kHz. This paper provides new ideas for
dual three-phase motor applications at medium and high
speeds.
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