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Abstract: To overcome the drawbacks of large torque ripples and high harmonic contents in
a dual three-phase permanent magnet synchronous motor (PMSM) used in electric vehicle
drive systems, a double-virtual-vector-based model predictive torque control (DVV-MPTC)
strategy was proposed in this paper. Firstly, 12 virtual voltage vectors were constructed
to minimize harmonic interference as much as possible. Then, the DVV-MPTC strategy is
proposed to solve the problem of large torque ripples caused by single-virtual-vector-based
MPTC (SVV-MPTC) method. On the other hand, an enhancement to the cost function
was also introduced to resolve the challenges of tuning weight coefficients. Experimental
comparisons between traditional direct torque control (DTC), SVV-MPTC method, and
the proposed DVV-MPTC strategy were carried out, which show that the latter achieves
significant improvements. In particular, it can reduce both harmonic components and
torque ripple compared to traditional control strategies, resulting in a more efficient and
stable performance for the electric drive system.

Keywords: dual three-phase motor; double-virtual-vector-based model predictive torque
control; harmonic suppression; low torque ripple

1. Introduction

The electric vehicles with advantages such as energy efficiency, emission reduction,
high efficiency, and low cost are gradually taking over the market compared to fuel-
powered vehicles. In the current electric vehicle industry, traditional three-phase motor
drives hold a dominant position. However, they have certain limitations, such as being
constrained by bus voltage and the power level of power electronics, making it difficult
to meet the demands for high power at a low voltage [1,2]. Therefore, multi-phase motor
drives, with advantages like low torque ripple, more flexible control, and fault-tolerant
control capability, have begun to attract attention in the electric vehicle field [3-5].

The dual three-phase permanent magnet synchronous motor (DTP-PMSM) is a typical
representative of multi-phase motors and is closely related to traditional three-phase
motors [6-8]. These DTP-PMSMs have broad application prospects and are increasingly
being used in electric vehicles [9-11]. However, it exhibits 6k £ 1 (k=1, 3, 5, .. .) harmonics
which cause torque ripples and additional losses.

Direct torque control (DTC) is a high-performance motor control method known for its
fast dynamic response, simple control structure, and efficient operation [12,13]. However,
it also has drawbacks, such as large torque ripples, variable switching frequency, and
dependency on motor parameters. Finite-control-set model predictive control (FCS-MPC)
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inherently manages discrete switching states. When applied to PMSMs control, it can
be categorized into finite-control-set model predictive torque control (FCS-MPTC) and
finite-control-set model predictive current control (FCS-MPCC).

Due to the limitations of basic voltage vectors, the motor’s output current and torque
may contain significant harmonics. Currently, a large number of studies explored vir-
tual voltage vectors. For instance, in reference [14], a hexagonal coordinate system was
introduced to construct virtual voltage vectors to enhance the motor control system’s per-
formance and expand the predictive control set. In [15], the authors synthesized virtual
voltage vectors using three basic voltage vectors with minimal common-mode voltage
to suppress common-mode voltage. In [16], 12 virtual voltage vectors were constructed
based on the principle that the magnitude of the virtual voltage vector in the x-y harmonic
plane is zero, achieving harmonic suppression. In [17], a total of 72 virtual voltage vectors
were synthesized based on the principle that the same basic voltage vectors have opposite
directions in different sub-planes. Multiple virtual voltage vectors were applied in DTC to
reduce torque ripples.

Currently, there is numerous research on FCS-MPTC for three-phase PMSMs, and it
has been extended to DTP-PMSM drive systems as well [18]. In [19], to address the issue of
significant flux and torque ripple inherent in DTC, a dual-voltage vector MPTC (DV-MPTC)
method was proposed, in which the predictive voltage vector was synthesized using two
basic voltage vectors, and the numbers of predictive voltage vectors were reduced from
12 to 4. However, this approach still suffered from relatively large torque ripples and
had difficulty in tuning the weight coefficients in the cost function. Ref. [20] proposed a
type of two-vector dimensionless MPTC. The paper employed fuzzy decision-making to
eliminate the weighting factors from the two torque and flux cost functions and selected
two optimal voltage vectors. The torque error determined the duty cycles of the two
optimal vectors. In Refs. [21,22], the weight coefficients in the cost function were optimized
by either eliminating them or adjusting them based on the proposed principles, addressing
the asymmetry in the dynamic characteristics of flux and torque. Reference [23] expanded
the control set based on discrete space vector modulation (DSVM), the basic the number of
voltage vectors was increased from 8 to 38, and to reduce the computational complexity, an
optimization strategy for vectors’ selection was employed. For DTP-PMSM, the number
of basic voltage vectors could reach up to 64. If an exhaustive search is performed for all
voltage vectors, it will result in a heavy computational burden. Therefore, it is necessary
to optimize the computational load in multiphase motor control, such as reducing the
number of candidate voltage vectors by using virtual voltage vectors or hyper-plane
partitioning [24,25].

This paper focused on the DTP-PMSM with a 30° phase shift and proposed a dual-
virtual-vector-based model predictive torque control (DVV-MPTC) strategy. First, virtual
voltage vectors were introduced into the control set to address the issue of large harmonic
current components. The cost function of the DVV-MPTC was also improved by shifting the
control objective from magnitudes of torque and stator flux to the control of the stator flux
vectors, thereby eliminating the weight coefficients. To address the issues of torque tracking
error and insufficient current sinusoidal waveform, the dual vectors-based control concept
was introduced to construct the DVV-MPTC strategy, which can reduce computational
complexity and simultaneously suppress harmonic current components and torque ripples.

This paper was organized as follows: Section 2 introduced the mathematical models
of this studied DTP-PMSM and corresponding output voltage vectors with a six-phase
two-level inverter. Section 3 presented the single-virtual-vector-based model predictive
torque control (SVV-MPTC). In Section 4, the DVV-MPTC was proposed along with the
design of the cost function. Section 5 provided a comparative analysis of the results, which
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demonstrates the superiority of the proposed control strategy. Finally, Section 6 presented
some conclusions.

2. Mathematical Models and Inverter Output Voltage Vector
2.1. Mathematical Models of the Dual Three-Phase PMSM

The studied DTP-PMSM was driven by a six-phase two-level inverter, as shown in
Figure 1, and it had two sets of three-phase stator windings, which have 30 electrical
degrees apart, and the neutral points were isolated from each other.

_|

Figure 1. Six-phase two-level inverter-driven dual three-phase PMSM.

With the vector space decomposition (VSD) theory, mathematical models, including
stator voltage, stator flux linkage, and electromagnetic torque, can be expresses as following,.

Uugq _ Rs 0 Z:d T Ld 0 ) i i'd + —C.Uequ'q (1)
uq 0 R iq |1 0 Lq| dt|iq weLqiq + wely
u| _[Re 0] fi] [Le 0] 4 i 2
Uy _0 Rs_ iy 0 Lp| dtl|iy
Pg Lg 0 0 O 14 1
W 0 Ly 0 0 ||ig 0
= 3
1y 0 0 L, 0 i | 7o ¥ ©)
Py 0 0 0 L, ||i 0
Te = 3pniq[ia(La — Lq) + 4] (4)

where, 14, Ug, Ux, Uy represent the Voltage components in d-q and X-y coordinates, whereas
ig, iq, ix, and iy are the corresponding current components. L4 and Lq are the inductances
in d-q coordinate (here, Lg = Lq for the surface-mounted structure), and L, is the leakage
inductance. R is stator resistance, w, is the angular velocity. ¢¢ represents the magnitude of
the permanent magnet flux linkage, and ¥4, 14, ¥x, and ¥y, represent the flux components
in d-q and x-y coordinates. Tk is the output electromagnetic torque, and p;, is the pole pairs
of the motor.

2.2. Inverter Output Voltage Vectors

As shown in Figure 1, the six-phase two-level inverter has two states for each phase,
represented by 1 and 0, respectively. Defining (SpoSpScSuSySw) as a set of switching
sequences, the range of switching sequences is from (000000) to (111111), resulting in a
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total of 2° = 64 switching states. Each switching state corresponds to a space voltage vector.
From (5), the voltage vectors in the «-f3 subspace and x-y subspace can be obtained, with
their distribution shown in Figure 2.

Vap = 1Vac(Sa +Spel T +Scdl T +Syels + Syel v + Syel 7)
Uxy = %VdC(SA + 51361'477T + Scej%n + SUejS?;T + Svej% + Swej%n)

©)

p

Vyy
> o
Vis
Vil Vsi
——» Large vectors ———» Middle vectors
Subsmall vectors Small vectors
(a)
y
Vis Vs6
Vi Via
> X
Vis Vi3
Vi Vo1
—— Large vectors in a-f subspace —— Middle vectors in o-p subspace
Subsmall vectors in o-p subspace Small vectors in a-p subspace

Figure 2. Voltage vectors’ distribution: (a) x-f3 subplace and (b) x-y subplace.

From Figure 2, it can be observed that there are 60 non-zero voltage vectors and 4 zero
vectors (vgo, vo7, V70, v77) in the &-3 and x-y subspaces. The non-zero space voltage vectors
can be divided into four groups based on their magnitudes: 12 large vectors, labeled vmax;
12 medium vectors, labeled v,y;q;; 24 sub-small vectors, labeled v,,;45; and 12 small vectors,
labeled vmin. The specific magnitudes of these four types of vectors are listed in Table 1.
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Table 1. Four basic voltage vector magnitudes.
Vector Types Magnitudes
Large vectors Vimax | Vimax| = %Vdc ~ 0.644V;,
Middle vectors Va1 [Viial] = gvdc ~ 0471V,
Subsmall vectors V ;qs | Vinids| = %Vdc =~ 0.333V,
Small vectors Viin |Vinin| = %Vdc ~ 0.173V;,

3. Single-Virtual-Vector-Based MPTC
3.1. Virtual Vector’s Synthesizing

It can be seen from formula (2) that the factors affecting the harmonic current compo-
nents include the harmonic voltages uy, uy, stator resistance Rs, leakage inductance L, etc.
To suppress the harmonic current components as much as possible, virtual voltage vectors
that satisfy the harmonic voltage magnitude vy, | = 0 were firstly synthesized.

As shown in Figure 2, the direction and magnitude of the voltage vector mapped in
different subspaces for the same switching state might be different. The principle of the
virtual vectors’ synthesizing can be summarized as follows:

(1) The synthesized virtual vectors” amplitudes should be as large as possible to ensure
voltage utilization efficiency;

(2) The synthesized virtual vectors” amplitudes in x-y subspace should be small to sup-
press harmonic current components.

Taking the large vector v44 and the medium vector vgs5 in -3 subspace as examples,
the specific synthesizing process is shown in Figure 3.

Figure 3. Synthesizing process of virtual vectors.

Assuming that within a period T, v44 is active for a time of T, and then vgs is active
for a time of (1 — u) Ts. According to the volt-second balancing principle, the synthesized
virtual vector v, can be derived as follows:

|om1—ap| = poas—up| + (1= 1)|vesap| =
2Vyc[pcos &+ (1 —p)cos F]

|vm17xy| = V|v447xy’ + (1 - #) ”0657xy‘ =
2Vie[pcos 3% + (1 — ) cos F]

(6)

Let lom1—xy | =0, which yields y = /3 — 1, and then [Omi—ap | = (\@ — \/8/3) Ve
By using this method, 12 virtual voltage vectors can be obtained, and their distribution is
shown in Figure 4.
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Figure 4. Virtual-voltage-vector spatial distribution.

3.2. Single-Virtual-Vector-Based MPTC Strateqy

By discretizing the motor stator voltage equations using the forward Euler formula,
the current prediction model in the d-q axis can be obtained:

41 . . .
zd+ = z’é + u’é - Rsllé + weLsz’c‘J "

d+1 ok Ts |,k k k
g =1q+|tq— Rszq — welLsiy — (UellJf:|

where u’[fl, u’,; represent the voltage components in the d-q axis at kth sampling time, whereas
ik, zlc‘{ and 1];’ , z’c‘lJrl

sampling time, respectively, and T is the sampling period.

represent the corresponding current components at kth and (k + 1)th

Ideally, in MPC, actions such as signal acquisition, algorithm computation, and control
state output can be completed instantaneously at the beginning of each sampling period.
However, due to the presence of computational delay, the actual application of the optimal
vector lags behind the sampling moment. Therefore, this paper adopted a two-step predic-
tion method for delay compensation. After compensation, the current prediction model is
expressed as follows:

42 k1 | T [ k+1 okt k+1
it =iy +LZ Uy Rsld —|—weLszq }

k42 _ k1 Ts |, k41 k-1 k+1
g'= =g + 12 |ug —Rszq — weLsiy —wet,bf]

(8)

And T5+2, | pf+2 | can be obtained based on the mathematical models in Section II.

T2 = 3pnik 2y 9)
Vo~ Laly (10)
lpléJrZ — qul&+2

k+2
s

) () »

With the consideration that those synthesized virtual voltage vectors can significantly

suppress the harmonic current components, the cost function of normal single-virtual-
vector-based MPTC (SVV-MPTC) can be designed as follows:

=

T: = T2+ |2

k+2
—yk+?| (12)

where A; is the weight coefficient, whereas T3, | ¢ | are corresponding target values.
This MPTC strategy is based on single virtual voltage vector, which can effectively
suppress harmonic current components. However, the problem of large torque ripples
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still remains, which would significantly influence the control performance. Meanwhile,
the weight coefficient needs to be designed to achieve satisfactory control performance.
Therefore, tuning the weight coefficient is also a significant challenge for this method.

4. Double-Virtual-Vector-Based MPTC

To address above control issues, an improved double-virtual-vector-based MPTC
strategy is proposed, including two aspects for improvement: (1) cost function is redesigned
to avoid the weight coefficient by utilizing the mathematical models; (2) a double-virtual-
vector-based MPTC strategy is employed to further reduce torque fluctuation.

4.1. Redesigning of Cost Function

According to the mathematical models, it can be seen that torque T is related to both
the stator flux amplitude || and the load angle 6. Therefore, torque T, can also be
expressed as follows:

3 .
Te = 2y lrsine (13)
q
The differential equation of torque can be obtained by taking the derivative of ¢ in (13) as follows:

dTe _ 3pnlths|ys

Rewriting (14) into a difference form yields the following:

B 3ATeLq
B Pnl|ts|ipscos d

where Ad represents the load angle increment, and AT, represents the torque increment.

A (15)

Thus, the reference value of the load angle ¢ is expressed as follows:
Oref = 0+ AS (16)

According to (16), the reference stator flux linkage components in the d-q axis can be
expressed as follows:
{w;i = 9 cos G )

I/Jf:i = [9p3] cOS bref

Based on the above analysis, the cost function without weighting coefficients can be
constructed as follows:

]:

va— 52|+ v — vk (18)

4.2. Double-Virtual-Vector-Based MPTC Strategy

To improve the control performance, a double-virtual-vector-based MPTC (DVV-
MPTC) strategy was proposed in this paper, where two virtual voltage vectors were
applied within the same control period.

The first optimal voltage vector’s selection of DVV-MPTC is the same as SVV-MPTC,
which means that the voltage vector that minimizes the cost function would be chosen
as the optimal voltage vector. The second optimal voltage vector in DVV-MPTC will be
selected from the remaining 11 virtual voltage vectors, which has a selection method that
can be summarized as follows.

By differentiating (4) and substituting it into (1), it can be obtained as follows:

dTe  3pnt ([ ki1 K1 k+1
it L, (uq — Rsig" — wetpg ) (19)
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Thus, the slopes of T corresponding to two optimal voltage vectors can be expressed

as follows:

— 3pn¥r [ k+1 k1 k+1
sT1 = "7 (Ugl —Rszq — wely

(20)

_ 3pn¥s (k41 k+1 k+1
STp = an Uyj — Rsig™ — wepy

where u4; and uq; are the corresponding components in the d-q axis when the first optimal
voltage vector is applied. Similarly, u4; and ug; are the corresponding components when
the second optimal voltage vector is selected as the j-th voltage vector.

In this paper, the action times are calculated using deadbeat torque control. If the action
times of the two optimal voltage vectors are assumed to be top11 and topi, respectively, then

Tet2 = TE + stitopn + sT2tope = To (21)

where T*1 is the actual value of the torque at (k + 1) sampling time.
By solving (21), there are 11 possible combinations of application times for the two

optimal voltage vectors, which can be calculated as follows:

T — TE —smoTy
(s11 —512)Ts

toptl = (22)

topt2 =T — toptl (23)

On the other hand, the slopes of {3 and 4, when applying the two optimal voltage
vectors, can be obtained as by combining (1) and (3).

_ k1 1 1

Sq1 = Uy, — Reig™ + a)equq+ 24)
_ o k+1 k+1 k41

Sqt = Ugl — Rsqur — weLqiy™ — wetp

k+1 k+1 :

Sd]’ = I,ld;_ — Rsld+ + (Uequlél—i_l (25)
_ o k+1 k+1 k41

Sqi =g — Rsqur — weLgiy™ — wets

where sq; and sq1 represent the slopes of 14 and 14 when the first optimal voltage vector is
applied, and s4; and sq; represent the slopes of 14 and ¢q when the second optimal voltage
vector is selected as the j-th voltage vector.

Then, the predicted flux linkage components in the d-q axis can be calculated as follows:

k+2 _ k41
{ll’d = Pq"" +sartopt1 + Sdjtopt2 (26)

I[Jg+2 = erl + Sq1 toptl + qutoptZ
By substituting (26) into the cost function, the second optimal voltage vector can be
obtained. The selection process diagram for DVV-MPTC is shown in Figure 5.
The implementation process is summarized in Figure 6, and the control block diagram
of DVV-MPTC method is shown in Figure 7.
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Predictive — —Reference Optimal
k+1
t// ql
k+l
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k+1
y/q:!
k+1
L
A k+D"
Figure 5. Selection diagram of DVV-MPTC strategy.
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Figure 6. DVV-MPTC flowchart.
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Figure 7. DVV-MPTC control block diagram.

5. Analysis of Results

To validate the efficacy and practicality of the proposed strategy, an experimental
platform was set up, as illustrated in Figure 8. Figure 9 presents the schematic diagram of
the motor windings, and the motor detailed parameters are provided in Table 2. The main
control chip utilized is the Xilinx Kintex 7 series FPGA. Comparative experiments were
carried out between traditional DTC, SVV-MPTC, and DVV-MPTC.

Oscilloscope

Figure 8. Experimental platform.

Firstly, the motor starts up to 11,000 r/min without a load, and at t = 0.05 s, a step
load torque of 2 N-m is suddenly applied. The waveforms of the phase currents (i and
iy), electromagnetic torque, harmonic current components (ix and iy), and common-mode
voltage ucmy are compared in Figures 10-12, respectively.
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I A Phase B B Phase I C Phase

U Phase V Phase
Figure 9. Motor winding diagram.

Table 2. Detail parameters.

W Phase

Parameters

Value
Pole pairs ny, 5
Stator resistance Rg 0.08 O
d-axis inductance Ly 0.33 mH
g-axis inductance Lq 0.33 mH
PMSM magnetic flux ¢ 0.01215 Wb
DC-link voltage 270V
Rotary inertia Jim 72.96 kg-mm?
Rated speed n 12,000 r/min
Rated stator current Iy 12 A
Rated torque Ty 22N'-m

)
(=

—_
[=

Phase current(A)
|
= =)

|
o]
=1

Torque(N-m)

0.050 0.055 0.060
Time(s)

(b)

1 1 -2
0.0525 0.0550  0.045
Time(s)
(a)
200
-4 =
<} e
é 5 ;P 100
2 S
20 i 0
% S
g2 E 100
< I k)
ja —4 (&)
L . 1 -200
0.045 0.050 } 0.055 0.060 0.050
Time(s)

(c)

Figure 10. DTC method:
(d) common-mode voltage.

0.051 0.052 0.053 0.054 0.035
Time(s)

()

(a) phase current; (b) electromagnetic torque; (c) harmonic current;
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Figure 11. SVV-MPTC method: (a) phase current; (b) electromagnetic torque; (c) harmonic current;
(d) common-mode voltage.
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Figure 12. DVV-MPTC method: (a) phase current; (b) electromagnetic torque; (c¢) harmonic current;
(d) common-mode voltage.

By comparing the results of these three control strategies, it can be observed that when
a sudden 2 N-m load is applied at 0.05 s during no-load operation, the electromagnetic
torque with all strategies quickly tracks the given load torque, whereas the proposed DVV-
MPTC strategy effectively reduces torque ripples and shows better performance in terms
of current quality.

The formula for calculating the total harmonic distortion (THD) of the phase current
is shown below. Figure 13 presents the FFT analysis results of the phase A current under
the three control strategies, with the calculated THD values indicated at the top of each
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figure. The results are summarized in Table 3, which also provides the specific content of
the fifth and seventh harmonics.

\/I§+I§+I§+---+I§

THD =
L

x 100% 27)

where I; is the root mean square (RMS) value of the fundamental current, and I, I3, I4, . . .,
I, are the RMS values of the harmonic currents (corresponding to the second, third, fourth,
up to the nth harmonics).

THD=8.08%
: T T T

61
~5r
=
=
Q
Eal
k=]

5
=
=5
537
=
ot
=
1k
0 Y [ L..1 Lo
0 1 2 3 4 5 6 7
Harmonic order
(a)
THD= 6.52%

6 |- 4
5 B
=
=
Q
£t f
k=]

5
=
=5
B3 1
=
E
S2r |
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0 TP | lonsn I8 I [ | L.Is
0 1 2 3 4 5 6 7
Harmonic order
(b)
THD=1.77%
6 .
— 5 B
=
=
2
547
=
g
=
3t
?\i
&,
g2r
1F
0 4;|‘"‘4"l|‘ | T Y} fsal ) ] L 1

0 1 2 3 4 5 6 7
Harmonic order

(©
Figure 13. FFT analysis results: (a) DTC; (b) SVV-MPTC; (c) DVV-MPTC.
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Table 3. THD values of different control strategies.

Strategy THD of is 5th 7th
DTC 8.08% 6.00% 3.05%
SVV-MPTC 6.52% 0.32% 0.18%
DVV-MPTC 1.77% 0.13% 0.15%

Clearly, the THD values of SVV-MPTC and DVV-MPTC are smaller than traditional
DTC. This is because the introduction of virtual voltage vectors ensures that the amplitude
of the harmonic voltage in the x-y subspace is zero, effectively suppressing the fifth and
seventh harmonics in the phase current. Furthermore, the introduction of dual-voltage
vectors allows for more precise approximation of the target reference values. Compared to
single voltage vector control, dual voltage vectors control provides more flexible voltage
vector actions, better accommodating complex transient variations during motor operation.
As a result, DVV-MPTC exhibits a lower higher-order harmonic content, particularly in the
fifth and seventh harmonics.

Torque ripple is defined as follows:

Tripple = (Tmax - Tmin)/Tan x 100% (28)

where Tmax, Tmin, and Tayg are the maximum, minimum, and average values of the electro-
magnetic torque, respectively.

After calculation, among the three control strategies, the torque ripple value of DTC
is the highest at 142.90%, whereas the value of SVV-MPTC strategies is 47.9%. For this
proposed DVV-MPTC strategy, the torque ripple can be significantly reduced to 10.7%.

The DTP-PMSM studied in this paper featured double stator windings with isolated
star points, resulting in the generation of significant common-mode voltage (CMV) in
the inverter circuit, which could cause electromagnetic interference and leakage currents
and other issues in the control system. With the utilization of virtual voltage vectors, this
proposed DVV-MPTC strategy can avoid the use of zero vectors, thereby significantly
reducing the magnitude of the CMV. As shown in Figures 10-12, before using virtual
voltage vectors, the CMV ranges from —135 V to +135 V, whereas after improvement, the
CMV range can be reduced to —45 V to +45 V.

If all categories of vectors are traversed for optimization, the real-time performance
of the algorithm will significantly degrade, and the performance requirements for the
processor will greatly increase. The introduction of virtual voltage vectors reduces the
number of candidate voltage vectors in the control of DTP-PMSM. As a result, both SVV-
MPTC and DVV-MPTC significantly reduce the computational load and improve the overall
speed of the algorithm compared to traditional SV-MPTC. Although the computation time
of DVV-MPTC is slightly higher than that of SVV-MPTC, considering the dynamic and
steady-state performance of the control strategy, the slight increase in computational load
is within an acceptable range. Table 4 provides the number of candidate voltage vectors
and the average execution time required to obtain an optimal voltage vector for the three
control strategies.

To verify the feasibility of the proposed control strategy for the drive system under
different motor speed conditions, the experiments were conducted at motor speeds of 10%
and 50% of the rated speed, i.e., 1200 r/min and 6000 r/min, respectively. The following
Figures 14 and 15 present the experimental results of the motor phase current and torque.
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Table 4. The number of candidate voltage vectors and the average execution time.

The Number of Candidate Voltage Vectors

The Average Execution Time (us)

SV-MPTC 64 6.206
SVV-MPTC 12 1.536
DVV-MPTC 12 x 11 2.184
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Figure 14. Motor phase current waveforms: (a) speed at 1200 r/min; (b) speed at 6000 r/min.

3 3

. 2 - . 2~

?g 1k % Lr

& g

0 0
-1 1 1 -1 1 1

0.045 0.050 0.055
Time(s) Time(s)

(a) (b)

0.060 0.045 0.050 0.055 0.060

Figure 15. Motor output torque waveforms: (a) speed at 1200 r/min; (b) speed at 6000 r/min.

Analyzing the figures, it can be observed that the motor phase currents exhibit high
sinusoidal quality, the torque shows good tracking performance, and the steady-state
error is minimal, demonstrating that DVV-MPTC has good feasibility under different
operating conditions.

Table 5 presents the FPGA resource utilization of the proposed control strategy drive

system. The percentage usage indicates the efficiency of the proposed design in utilizing
the available resources.

Table 5. Resource usage of the FPGA matrix.

Resource Utilization Available Utilization (%)
LUT 74,106 203,800 36.36
LUTRAM 178 64,000 0.28
FF 77,271 407,600 18.96
BRAM 73 445 16.40
10 69 500 13.80
BUFG 4 32 12.50
MMCM 1 10 10.00

From the data, it can be observed that the designed control system has relatively low
resource utilization on the FPGA, with LUT and FF utilization rates of 36.36% and 18.96%,
respectively. This indicates that the hardware implementation achieves good resource
efficiency and provides sufficient resource margins for future functionality expansion.
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6. Conclusions

This paper addressed the issue of high harmonic components in the stator current and
large torque ripples in DTP-PMSM with traditional DTC method or SVV-MPTC method.
With this proposed DVV-MPTC strategy, both the harmonic components in the stator and
the output torque ripples were suppressed and improved. In particular, the total harmonic
distortion was reduced to 1.77% for DVV-MPTC method, while it was 6.52% and 8.08% for
SVV-MPTC method and traditional DTC method, respectively. The torque ripple can be
significantly reduced to 10.7% with this proposed novel method, while it also maintains a
fast dynamic response under sudden changes in load torque. Moreover, the drive system is
applicable to different motor speed conditions.
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