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Synchronous SVM-Based Model Predictive Flux
Control of Induction Motor Drives With Fast
Phase Synchronization

Haitao Yang

Abstract—Synchronous space vector modulation (SSVM) has
been widely applied in motor drives operated with a low switching
frequency. For SSVM based closed-loop control, the phase angle of
voltage command updated at each control step should equal to the
predefined sampling positions. The prior arts usually adopt pro-
portional integral controller with a sampling period compensation
to achieve current regulation and phase synchronization, which
show slow dynamic responses. This article proposes an SSVM-
based model predictive flux control (MPFC) for induction motor
drives under low switching frequency. Unlike the prior methods,
which implement phase synchronization and current regulation as
two cascaded control loops, the proposed MPFC achieves torque
tracking control and phase synchronization simultaneously. As a
result, much smaller phase error and faster synchronization speed
are obtained during transient processes when compared with the
prior method. Simulation and experimental tests, along with a video
demonstration, justify the effectiveness of the proposed method.

Index Terms—Induction motor drives, low switching frequency,
model predictive control (MPC), synchronous modulation.

I. INTRODUCTION

OR high-power motor drives, inverters usually operate at
low pulse ratio to reduce switch losses. However, traditional
asynchronous modulation yields notable harmonic content in
the output voltage under low pulse ratio [1]. To maintain ac-
ceptable harmonic distortions under a low switching frequency,
synchronous pulsewidth modulation (PWM) schemes have been
widely studied for high-power motor drives [2], [3].
Various synchronous PWM schemes, including optimized
pulse pattern (OPP) [4] and synchronous space vector PWM

Received 30 July 2024; revised 3 November 2024 and 1 December 2024;
accepted 31 December 2024. Date of publication 6 January 2025; date of current
version 26 February 2025. This work was supported in part by the National
Natural Science Foundation of China under Grant 52107035, in part by Beijing
Natural Science Foundation under Grant 1.247003, in part by the R&D Program
of Beijing Municipal Education Commission under Grant KM202410009015,
and in part by grants from the Delta Power Electronics Science and Educa-
tion Development Program of Delta Group. Recommended for publication by
Associate Editor X. Pei. (Corresponding author: Yongchang Zhang.)

Haitao Yang, Jiachen Xu, and Shuo Ma are with the Inverter Technologies
Engineering Research Center of Beijing, North China University of Technol-
ogy, Beijing 100144, China (e-mail: yhtseaky @ gmail.com; 2021316280125@
mail.ncut.edu.cn; 2022312080110 @mail.ncut.edu.cn).

Yongchang Zhang is with the School of Electrical and Electronic Engineer-
ing, North China Electric Power University, Beijing 102206, China (e-mail:

yozhang @ieee.org).
This article has supplementary material provided by the au-
thors and color versions of one or more figures available at

https://doi.org/10.1109/TPEL.2025.3525804.
Digital Object Identifier 10.1109/TPEL.2025.3525804

, Member, IEEE, Jiachen Xu, Shuo Ma, and Yongchang Zhang

, Fellow, IEEE

(SSVPWM) [5], have been investigated in the existing lit-
erature. According to different optimization goal, different
OPP methods, such as selective harmonic elimination PWM
(SHEPWM) [6] and current harmonic minimum PWM (CHM-
PWM) [7], have been proposed. SHEPWM aims at eliminating
some specific harmonic contents. To this end, a set of nonlinear
and transcendental equations need to be solved [8]. On the
contrary, CHMPWM does not try to eliminate the undesired
harmonic components but focuses on minimization of the overall
harmonic distortions [4]. Due to the challenge of solving nonlin-
ear constraint optimization problem in real time on a embedded
microcontroller, OPP usually computes the switching angles
offline within a fundamental cycle assuming a steady state. The
calculated switch angles are then stored in a lookup table for
online pulse generation [9].

OPP is attractive in practical application due to its excellent
steady state performance. However, the following three issues
complicate the system for OPP-based closed-loop control. The
first one is that current samples with OPP usually contain har-
monic contents [10]. To avoid introducing excessive ripples in
the control loop, either a slow current controller or online in-
stantaneous fundamental component estimation is required [10],
[11]. The second issue is that OPP is optimized within the
fundamental cycle assuming a steady state, while the closed-loop
controller is usually executed with a much smaller control step.
The time scale mismatch of two control parts brings challenge
of regulating control variables with fast dynamic responses. The
third issue is that the PWM mode transition needs to be carefully
designed to avoid current excursion due to different harmonic
distribution among different pulse patterns of OPP [12].

The same as the conventional asynchronous SVM, SSVM
generates switching pulses based on the principle of volt—second
balance. However, to produce symmetrical voltage pulses,
SSVM schemes have to synthesize the voltage command ac-
cording to predefined sampling points and specific switching
sequences [13]. As volt—second balance is satisfied within ev-
ery PWM cycle, the instantaneous fundamental current can be
directly measured at the start instant of each PWM interval.
In addition, the magnitude and phase angle of the voltage
command can be arbitrarily adjusted to achieve fast dynamic
responses. Therefore, SSVM schemes have been widely applied
in motor drives under a low pulse ratio [14], [15]. However,
SSVM requests synchronization between the preset sampling
position and phase angle of the voltage command at least during
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quasi steady state [14]. To achieve phase synchronization, the
sampling period needs to be online corrected [15].

In [14], the impact of one-step delay in the phase synchro-
nization is analyzed, and a proportional gain around 0.3 is
recommended based on extensive simulation studies. It is shown
that a larger gain cannot increase decay rate of the phase error,
but only result in larger oscillations. In [16], a phase-locked
loop (PLL) is used to adjust compensation term of the sampling
period. With a PLL, the phases of voltage command can be
aligned to the sampling positions of SSVM. However, the PI
gains used in PLL need to be carefully tuned to avoid instability.
Wang et al. [3] proposed a deadbeat phase synchronization
method, which shows much faster phase synchronization. As the
modulator and current controller are designed independently in
the existing control system, the phase compensation regulator
cannot foresee the synchronization error during transient pro-
cesses. Consequently, large phase error may still be seen during
transient processes with the existing methods.

During the past decades, model predictive control (MPC) has
been widely investigated for motor drives [17]. When operating
under low pulse ratio, long prediction horizon is essential for
MPC to achieve low harmonic distortions comparable to the
optimal modulation [18]. However, long horizon prediction
generally leads to higher computational burden. Satisfactory
steady-state performance as well as fast transient responses can
also be obtained at a low switching frequency by incorporating
OPPs [19], duty cycle correction [20], virtual carriers-based
optimization [21], and variable applied vector numbers [22],
etc.

While for SSVM-based motor drives, the proportional—
integral (PI) regulator are generally used in prior studies [3],
[14], [15], [16], which present relatively slower dynamic re-
sponses. Combining SSVM with MPC is rarely investigated in
the existing research due to the difficulty of matching phase
synchronization with quick dynamic responses of MPC. To fill
this gap, a model predictive flux control (MPFC) with sampling
period compensation is proposed in this article. Unlike the prior
methods, which can only compensate for the phase error after
it occurs, the proposed MPFC achieves phase synchronization
and flux tracking control simultaneously. As a result, fast phase
synchronization and dynamic responses are achieved. In addi-
tion, high-quality voltage supply of SSVM is reproduced during
quasi steady state, ensuring satisfactory performance under a
low switching frequency.

The rest of this article is organized as follows. Section II
introduces the mathematical model of IM and its discretized
model for predicting stator flux and current. The basic prin-
ciple of MPFC is explained in Section III. Section IV details
fundamentals of SSVM, the prior phase compensation scheme
and the proposed MPFC with fast phase synchronization. The
simulation and experimental results are illustrated and discussed
in Section V. Finally, Section VI concludes this article.

II. MATHEMATICAL MODEL OF IM

In the two-phase stationary reference frame, choosing stator
current vector ¢4 and stator flux vector 1), as state variables, the
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mathematical model of IM can be expressed as

pxr = Ax + Bug )
A —AMRsLy + R Lg) + jwr A(Ry — jLywy) 2)
— Ry 0
AL, B 1
=, @

where p is the differential operator; © = [is 4|7 are state
variables; ug is the stator voltage vector; Lg, L., L, Rs, and
R, are stator inductance, rotor inductance, mutual inductance,
stator resistance, and rotor resistance, respectively; w; is the
electrical rotor speed.

To predict state variables, the Heun’s method is adopted to
discretize (1) for better accuracy [23], which is expressed as

xhtl — gk 1 ts (A:]}k + Buf) @)
it =k + LA (zht! — 2h)

where the superscript k represents variables at the current
sampling instant and k + 1 denotes the first sampling instant
in the future; "1 = [ #5711 |T is the predicted state
variables of stator current and stator flux at (k + 1)th sampling
instant; ¢ is the sampling period.

After obtaining the predicted stator current "' and stator
flux 1/;§ + according to (4), the rotor flux "(p’f +1 can be estimated
as

L 1
k+1 r k41 k1
= — - —1, . 5
A Ay 5)
The electromagnetic torque is a cross product of stator flux and
rotor flux vector, which is expressed as

3
I. = in)"Lm "‘pr ® 17b5|

3
= in)“Lm ‘wr| ‘ws‘.' sin (4"/)s - 4¢r) (6)

where ® denotes the cross product of two complex variables, | |
represents the magnitude of a complex variable, and N, is the
number of pole pairs, respectively.

III. BASIC PRINCIPLE OF MPFC

In practical application, it is difficult to measure the flux
information within the motor directly. To estimate stator flux
with a good accuracy over a wide speed range, the full-order
observer is adopted in this article and its mathematical model is
expressed as

pi = Ai+ Bu,+ G (is— 1. )
2

G=—|1 ®)
AL

where & = |1, 1ﬁs |1 are estimated state variables; G' shown in
(8) is a gain vector; b < 0 represents that the observer poles are
left shifted on the complex plane by a distance b relative to the
motor model [23].
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According to (6), the phase angle of stator flux vector can be
derived as [23]

LYt = Lyt + 0T ©)

O+ = asin (

2Tref
e (10)
BNpA Ly |9 1| et

where asin() is the inverse sine function, 7' is the torque
reference, and 1/J;ef is the stator flux amplitude reference.

Due to the one-step delay in digital control system, the voltage
command is updated and applied during the next control period.
To compensate for the delay, the stator flux reference at the
(k + 2)th sampling instant should be calculated based on (9) as

LT = Lpht2 gkt (11)

The rotor flux linkage vector ¢f+2 can be predicted by shifting
(4) and (5) one-step ahead further. For simplicity, this article
extrapolates 12 as
¢k+2 _ wk+1ejwet§+1 (12)
r r
where w, represents the rotational angular velocity of the rotor
flux linkage vector. In this article, w, is calculated as

2R, THH1
we:wr+ws]:wr+ﬁ (13)
3N, |9y
where wyg denotes the slip frequency.
The rotor flux angle Z2)**? can then be calculated as
LapfT? = LapfT 4wt (14)

The reference of the stator flux vector can be constructed based
on its amplitude and phase angle as

Yt =yl VT (15)
After getting ™', the voltage command is calculated as
ref k41
uref — ’IPS ws + Rsi§+1 (16)

S k+1
s

IV. PHASE SYNCHRONIZATION FOR SSVM-BASED MPFC
A. Introduction of SSVM

A three-phase two-level voltage inverter can generate eight
voltage vectors, comprising six different active vectors and two
zero vectors. The six active vectors divide the complex plane
into six sectors, as shown in Fig. 1.

Based on the principle of volt—second balance, the voltage
vectors in each sector can be synthesized by the two adjacent
active vectors and zero vectors. For example, if the voltage
reference locates in the sector I, the duration of voltage vector
u1,2 and the zero-voltage vector can be calculated as

ty = 28 Mt sin (/3 — 6,,)
ty = %Mts sin 0,
to=1ts —t1 — 12

7)
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Fig. 1. Voltage vectors and switching states produced by a two-level three-
phase inverter.

TABLE I
SSVM AND THEIR CORRESPONDING SAMPLING POSITIONS IN SECTOR [

P N Sampling position Vector sequence
15 5 6°,18°30°,42°,54° 0127,7210,0127,7210,0127
11 5  6°,18°30°42°,54° 012,210,0127,721,127
7 3 10°, 30°, 50° 127,7210,012
5 2 15°,45° 012,127
600 15
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Fig. 2. Relationship between the PWM method and fundamental frequency.

where 71,2 are action time of zero-voltage vector and active
vectors uq o, respectively; M = 7|u| /(2uge) is the modula-
tion index; g, is the dc bus voltage and 6, = Zu™ is the phase
of the voltage command.

To meet the conditions of three-phase symmetry, half-wave
symmetry, and quadrature-wave symmetry, SSVMs have to
generate the switching pulses based on specific vector sequences
and sampling positions [5]. In this article, the conventional
space vector strategy (CSVS) with a pulse ratio of P = 15,
the basic bus clamping strategy-I (BBCS-I) with pulse ratios of
P = {11, 7} and the basic bus clamping strategy-1I (BBCS-II)
with a pulse ratio of P = 5 are selected. For convenience, they
are referred to as CSVS_15, BBCS_11, BBCS_7, and BBCS_5
in the following text. The sampling positions and corresponding
switching sequences are listed in Table I [5], [13]. To limit the
maximum switching frequency, different SSVM schemes are
applied over the full speed range, as shown in Fig. 2.

B. Prior Phase Synchronization

In ideal conditions, the phase of the voltage command should
strictly coincide with the sampling positions set by the SSVM



6416

scheme. However, in a closed-loop control system, the phase
of the voltage command may be adjusted arbitrarily by the
controller at any time, making it difficult to ensure consistence
between the phase of the voltage command and the predefined
sampling positions.

In [14] and [15], a method to correct the sampling period
is developed to suppress phase synchronization errors. The
sampling period compensation term . is calculated based on
the phase synchronization error as

(0F —0%)
27 fo

where 6, represents the phase angle of the voltage command; 6,
denotes the sampling position; f, is the fundamental frequency;
« is the compensation gain.

For SSVM schemes, there are N samples in each sector,
amounting to 6NV sampling positions within six sectors. Without
losing generality, the sampling positions of an SSVM method
can be expressed as

tett = (18)

2
Op=m—+90
m 6N + 6o
where m € {0,1,...,6N — 1} represents the mth sampling
positions and 6 is the first sampling position. As 6V sampling
positions are evenly distributed on the complex plane, the sam-

pling period without any correction should be
1

T 6Nf

With the compensation term calculated based on (18), the actual

sampling period is

19)

tso (20)

thHl =t 4 thHL 1)

As it can be seen from (18), the compensation value of the next
sampling period is calculated based on the kth instant phase
error A = 0% — 9% Such one-step delay deteriorates dynamic
responses of the phase synchronization and may even cause
instability if phase compensation loop is not properly designed
and tuned. In [14], o = 0.3 is suggested to achieve the best
performance.

C. MPFC With Fast Phase Synchronization

For the prior compensation method, the sampling period cor-
rection and closed-loop controller operate independently. The
phase error decay rate is limited to ensure stability and large
phase error may be seen when the torque reference suddenly
changes. To address the above issues, this article proposes an
improved method to calculate the sampling period compensation
term t* 1. With the proposed method, the phase synchronization
and flux linkage vector tracking are achieved simultaneously.

The overall block diagram of the proposed method is shown in
Fig. 3. The rotor speed is regulated by a PI controller, which gen-
erates the torque reference 7. The stator flux is estimated using
a full-order observer as mentioned in Section III. The torque
and flux amplitude references are equivalently transformed into
the reference of the stator flux vector based on (9)—(15). Then,
the voltage command and sampling period compensation value
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Section IV: Part C
Find the 0 | Compensate | A+ ’ ref
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Fig. 3. Control diagram of SSVM-based MPFC.

are calculated with the proposed MPFC. After that, the vector
duration is calculated based on (17). Finally, the gate pulses can
be generated using the SSVM listed in Table 1.

According to the MPFC described in Section III, the voltage
reference without sampling period compensation can be solved
based on (11)—(16) as

ref k+1 k+2
Lpgg = Ly, ‘+ Wetso + GT
ref f G Zpt
Pl = refes P
ref k+1
ref 1/150 - ,'7[)5
sO — t
sO

(22)

+ Rgikt!
where 9 and u'$ denote references of the stator flux vector
and stator voltage vector without sampling period compensation.
The voltage reference calculated from (22) can guarantee accu-
rate flux tracking, but the phase angle of the voltage reference
may not coincide with the predefined sampling positions. To
address this issue, a compensation term t’(f“ is added to t4.

With a sampling period compensation term ¢+, the phase
angle of rotor flux at (k + 2)th sampling instant can be derived
based on (14) and (21) as

LPET2 = Lo ot 4wtk

= LYt + wetht! (23)

where 411150“ = 41/15"‘1 + wetso represents the rotor flux angle
without compensation. Then, the compensated reference value
of the stator flux vector and its phase can be obtained based on
(11) and (15) as

Z'lpl:f — Z,l/)erZ +0!§+2 — 4,(/)504»2 _’_9’]]@::‘1’2 +wetlc€+1

= L™+ w thtt (24)

. ) £ k1 N
,djget _ ,I/J;efej(éwiz +wety ) _ ¢£%te]wctc (25)

According to (16) and (21), the voltage command with sampling
period compensation can be calculated as

LA
i 1
| + Rty .

tso + tc
The SSVM is usually applied during medium and high speed
ranges. Hence, when SSVM is applied, the impact of volt-

age drop on the stator resistance is of minor importance [19].

ref
u; =

(26)
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Block diagram of phase synchronization.

Fig. 4.

Neglecting the term Ry "' and letting Af = wotF+!, wr!
expressed in (26) can be rearranged as

- ref
We [w;efej(41p,0 +A0) _ ¢§+1:|

ref
NS 27
Us 7/ (BN) + A0 @7)
The real part and imaginary part of the complex vector u™f can
be derived from (27) as
et = we [ cos (L% + AB) — Yl 28)
7/(3N) + Af
T . ref k+1
y We {wsef sin (Zl/is‘f) + A@) — 1/}55 }
s = (29)

7/(3N) + Af

where 1), and 13 represent the real and imaginary parts of
stator flux vector 1.

Based on (28) and (29), the phase angle of u™f can be derived
as

Prefsin (Lo + AG) — i
Pref cos (Ll + AG) — it

Zu = atan [ (30)

where atan() is the inverse tangent function.

According to the derivation process attached in the Appendix,
solving (30) for t**! to make Zu™ equal to a sampling position
0F+1 yields

. k1, 08Tt
0, — /" — asin [ fiﬁf] }
thtl = - (31)

We

It should be noted that the phase synchronization is only re-
quired when SSVM is implemented, which generally operates
at medium and high speed ranges. Hence, there is no issue to
divide phase error by w,. In practical application, an overlarge
t*+1 is unfavorable. To ensure that the control algorithm can
be completed within one sampling period while not impair-
ing dynamic responses, t¥*! is limited within the range of
0.5ty < th+L < 0.5t.

To minimize t¥*1, the sampling position 6, closest to w
should be found, which can be derived according to (19) as

ref
s

{m = round (% [4U§%f - 90]) (32)

0, = I 1 6,

where round() is the function used to round a number to the
nearest integer. After obtaining t**!, the sampling period t*+!
and the voltage command can be reconstructed according to (21)
and (26).

According to (27)—(31), the block diagram of the phase syn-
chronization loop is illustrated in Fig. 4. Based on (31), the
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Compensate for the sampling
™ period Egs. (20, 21, 31)
l tAAI
Delay compensation Egs. (12-14) | Update the voltage command
l Zv/‘x(;z Eq. (27)
Calculate the stator flux and voltage l u™

references without compensation .

Eq. (22) | Pulse generation Table I |
vo | o 5,.5,.5,
Find the closest sampling position 0, End
Eq. (32)
Fig. 5. Flowchart of the proposed method.
compensated phase A6 is calculated as
_ k+1 _ pk+1 ref
Al =wet, ™ =07 — Lpg
: 1
[k sin(0F ) — ot cos(0)
— asi . (33)
#};ef
S

Substituting A6 into (30) yields

GEHT g [ SRS UL cos (6) — 9t © 0
" cos(0F ) ref cos (By) — pFHt @ edor ™!

= gt (34)

where ©® denotes the dot product of two complex variables, and
0y is expressed as

k+1 jgk+1
0. —asin [ 5@
X wref '
S

It can be seen from (34) that the proposed method can align
the phase angle of the voltage command to the preset sampling
position. The transfer function from 6, to 6, is
0:(z)
F(z)= =1
(2) =g B
Apparently, the phase synchronization loop is always stable. To
illustrate the implementation process of the proposed method
more clearly, a flowchart of the developed algorithm is shown
in Fig. 5.

(35)

(36)

V. SIMULATION AND EXPERIMENTAL TESTS

To validate the effectiveness of the proposed method, sim-
ulation tests with a 180-kW IM drive and experimental tests
with a down-scaled 2.2 kW IM drive were carried out. The
parameters of the IMs are presented in Table II. Below 30 Hz, the
conventional asynchronous SVM is applied and SSVM schemes
listed in Table I are applied at higher speeds, as shown in
Fig. 2. For comparison, the prior sampling period compensation
methods developed in [3], [14], and [16] are also implemented.
In the following text, they are referred to as the prior method I,
the prior method II, and the prior method III, respectively.
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TABLE II
PARAMETERS OF TESTED IMS
Rated power Py, 2.2kW 180 kW
DC-bus voltage Uge 540V 1100V
Rated voltage Un 380V 1100 V
Rated frequency fn 50Hz 60 Hz
Number of pole pairs  Np 2 2
Stator resistance Rs 3.126 Q2 0.009 Q
Rotor resistance R, 1.879Q 0.065 Q2
Mutual inductance Lo 0.221H 0.038 H
Stator inductance Lg 0.2301H 0.0394H
Rotor inductance L, 0.2301H 0.0397H
0.1 T T T T
)
S
= 0
=
<
<
-0.1 L L L L
0 0.02 0.04 0.06 0.08 0.1
time(s)
Fig. 6. Simulated responses of the predicted phase angle of the rotor flux

linkage vector.

A. Simulation Results

Simulation tests were implemented in the environment of
Matlab/Simulink. In the figure, the phase angle of the voltage
command 6, has been wrapped into the range of [0, /3] for
easy comparison with the sampling positions listed in Table I.

Fig. 6 illustrates responses of the actual phase angle of the
rotor flux linkage vector and its predicted value based on (14).
As the éﬁr is a predicted value at the (k + 2)th instant, it is
delayed by two sampling instants for comparison with the actual
value Z1p,. It can be seen that the prediction error is nearly
zero, justifying satisfactory accuracy of the rotor flux linkage
prediction based on (14).

Fig. 7 shows the simulated responses when the torque refer-
ences suddenly increases from 0 to 560 N - m with BBCS_11. It
is seen that the actual torque can track its reference quickly with
a settling time around 2 ms using SSVM-based MPFC. In the
figure, AG, = 0, — 0, denotes the phase synchronization error.
It is seen that all methods can achieve phase synchronization
during steady state, except that the prior method II presents
some minor oscillating error components. During transients,
the phase angle of the voltage command 6, deviates from the
preset sampling positions obviously with the prior compensation
methods, and it takes relatively longer time for A#, to recover
to zero. On the contrary, the proposed MPFC can adjust the
sampling period timely to prevent the occurrence of a large phase
eITOr.
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Fig. 7. Simulated responses when the torque reference steps with different

sampling period compensation methods. (a) With the prior method I. (b) With
the prior method II. (c) With the prior method II1. (d) With the proposed method.

1500 __ 1500
7 WWMWHWWWJW,HM F o
= -1500 -1500
=8 =8

50 — ~4.76 deg &

Zo Zo

(
Uy, (V

?;VB ~16 ms <<'°| 8

1
0 0.025 0.05 0 0.025 0.05
time(s) time(s)

(@ (b)

Fig. 8.  Simulated responses during PWM mode transition. (a) With the prior
method I. (b) With the proposed method.

C voltage
source

U]

S

1l

Fig. 9. Experimental test rig.

Fig. 8 shows transition process when the SSVM changes
from BBCS_7 to BBCS_5. It is found that the prior compensa-
tion method shows obvious phase synchronization error during
PWM mode transition. A relatively longer time is required for
suppressing the phase error, while the proposed method is almost
not affected during the whole process. This test further confirms
good transient performance of the proposed method.

B. Experimental Results

To further verify the effectiveness of the proposed method,
experimental tests were evaluated on a down-scaled two-level
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Fig. 10.  Experimental results with a step change of the torque reference under BBCS_11. (a) With the prior method I. (b) With the proposed method II. (c) With

the prior method III. (d) With the proposed method.
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Fig. 11.  Experimental results with a step change of the torque reference under
BBCS_7. (a) With the prior method I. (b) With the proposed method.

inverter fed 2.2-kW IM drive, as shown in Fig. 9. The motor
parameters are listed in Table II. The control algorithm was
coded in C language and implemented with a 32-bit floating
point DSP TMS320F28335. Apart from three-phase currents
and line voltage, which are directly measured by probes, the
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Fig. 12.  Experimental results during PWM mode transition with the proposed
MPEC. (a) From BBCS_11 to BBCS_7. (b) From BBCS_7 to BBCS_5.

other variables are displayed on an 8-channel oscilloscope
MOSSS8 via a digital-to-analog converter.

Fig. 10 shows the responses when the torque reference sud-
denly increases to the rated value under BBCS_11 with dif-
ferent phase synchronization methods. In all tests, the torque
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Fig. 13.  Responses during speed acceleration processes. (a) With the prior
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Fig. 14. Responses when the motor accelerates from 5 Hz to the rated speed
with the proposed method.

can track its reference quickly. However, MPFC with the prior
time compensation shows larger phase synchronization error
and slow error decay rate. Similar to the simulation results in
Fig. 7, the average phase synchronization error is zero during
steady state for the prior method II, but the oscillating error
components are relatively larger. By contrast, the phase syn-
chronization is well kept with the proposed MPFC, which is
almost not affected by sudden change of the torque reference.
The results validate that the proposed MPFC can achieve fast
dynamic responses and accurate phase synchronization based on
SSVM.

Fig. 11 shows the responses when the torque reference
suddenly increases under BBCS_7 for the prior method I and
the proposed method. Both methods can keep phase synchro-
nization under steady state. The proposed method can eliminate
synchronization error even during fast torque transients while
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Fig. 15. Experimental results of stator current, line voltage and spectrum of

a-phase current. (a) BBCS_11 with the prior method. (b) BBCS_11 with the
proposed method.

the prior method presents larger phase error and around 18 ms
is consumed for resynchronization.

Fig. 12 shows the responses during SSVM mode transition
with the proposed MPFC. Similar to the simulation results, the
proposed method achieves smooth transition between different
SSVM schemes. The voltage phase 6, is consistent with the
predefined sampling positions and the phase error is nearly zero.
The line voltage pulses are thus kept symmetry under steady
state. Similar results can be obtained for transitions between
other SSVM schemes, and thus they are not illustrated for
conciseness.

Fig. 13 illustrates the test results during speed acceleration
process. When there is a step change in torque reference or a
PWM mode transition, the prior method shows obvious phase
deviation. Then, a relatively longer time is consumed to sup-
press the phase error. By comparison, the proposed method can
adjust the sampling period timely to prevent occurrence of the
synchronization error. As can be seen from Fig. 13(b), the phase
error is kept at zero without being influenced by the varying
torque and PWM mode transition.

Fig. 14 illustrates the responses when the motor accelerates
from 5 Hz to the rated speed under the rated load using the
proposed method. Throughout the acceleration process, the
torque T, is well kept at its reference and the rotor speed
increases smoothly. As seen from the envelope of three-phase
stator current, there are no current spikes or oscillations. During
the transition of PWM schemes, the proposed method effectively
eliminates phase errors, achieving precise synchronization be-
tween the phase of the voltage command and the predetermined
sampling positions of SSVM.
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Fig. 15 shows the spectrum analysis of stator current under
BBCS_11 with the prior method and the proposed MPFC. Both
methods can achieve symmetrical voltage pulses under steady
state. The noninteger and even-order harmonic components
are nearly zero, indicating that the proposed MPFC can retain
harmonic characteristic of SSVM as that of the prior method.

VI. CONCLUSION

This article proposes an SSVM-based MPFC for IM drives
operating under low switching frequency. To achieve synchro-
nization between the angle of the voltage command and the
preset sampling positions, a phase synchronization scheme by
adjusting the sampling period is developed for MPFC. The
solution of the sampling period compensation value is ana-
Iytically derived. The proposed method can prevent the phase
synchronization error during transient processes in theory, while
the prior method can only act as a remedy after the phase
error occurs. Moreover, no parameter tuning is required for the
proposed phase synchronization, which is favorable for practical
application. Simulation and experimental tests were carried out
to validate the effectiveness of the proposed method. The results
show that the proposed method works well with SSVM. Smooth
PWM mode transition, fast phase synchronization and quick
dynamic responses are achieved.

APPENDIX

Letting Zu™ equal to a sampling position 0, i.e., Zu™ = 0,,
the following equation can be obtained according to (30):

sin(6,) el sin (é'l,bref + AH) - 1/15;1
ref k41" (37)
cos(Br) et cos (L + AG) — b

Equation (37) can be rearranged as
sin(6y) cos (Zap% + AG) — cos(6,) sin (L% + AD)

Yk sin(0r) — Y cos(6h)
- s '

The first row of (38) can be simplified as
sin(6;) cos (L% + AG) — cos(6,) sin (L% + AD)

(38)

= sin (6, — A — LYT)) . (39)
Based on (38) and (39), the A6 can be solved as
k+1 o o308 T
A = 6, — /4 — asin ”[’# (40)
As A = wetk T tk+1 can be easily derived from (40) as
k41
- asin (#75)
tet! = - (41
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