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Abstract—Predictive current control techniques rely on the ac-
curacy of flux angle detection, which seriously impacts the control
performances for induction motor drives. Aiming at this, many
researches have been proposed to improve the flux angle detection
accuracy, which usually complicates the system design and algo-
rithm realization. In this work, we propose an effective and simple
predictive power control strategy for induction motors that omits
flux angle detection and simplifies the system design. Similar to
classical predictive torque control, the proposal does not require
flux angle information. Moreover, it requires no weighting factor
design process. In addition, a stable flux observer in the station-
ary coordinate system is proposed and the conditions to satisfy
Lyapunov stability are detailed. The effectiveness of this work is
verified by experimental data. Compared with the classic predictive
control strategies, the proposed method shows superior steady
and dynamic performances with a simplified control structure and
realization.

Index Terms—Induction motor, instantaneous power, predictive
power control (PPC), simplified control framework.

I. INTRODUCTION

ODEL predictive control (MPC) is a simple and fast-
developing technique that has very fast control dynamic
and flexible multiobjective capability, and now has become a
promising technique for power electronics, motor drives, re-
newable energy systems, etc. [1], [2], [3], [4]. Predictive current
control (PCC) is one of the most classical predictive control
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sub-classes for induction motor (IM) drives. However, precise
flux angle detection is key to achieving great control perfor-
mance for PCC. It is also a big challenge for this strategy to
obtain excellent control performance. Generally, there are two
classical methods for flux angle detection, i.e., speed integral and
phase-locked loop (PLL). The former is the integral of the sum
of slip speed and electrical angular speed. The accuracy of this
method highly relies on the identification of rotor time constant
(1) which is essential to obtain slip speed [5]. Compared with
the rotor inductance (L) which can be updated online by a preset
magnetizing curve [6], the rotor resistance (R,) is more difficult
to obtain. R, is highly coupled with the temperature, which
is easy to fluctuate and difficult to analyze with the changes
of load and working time. Hence 7; will also fluctuate with
R,, which will lead to the deviation of flux angle detection.
This mismatch will seriously affect the performance of the IM
drives.

To solve this problem, online 7} identification is an effec-
tive solution, which includes spectral analysis, observer-based
method, model reference adaptive system (MRAS), and artificial
intelligence (AI) methods [7], [8]. The spectral analysis method
is to obtain 7} by analyzing the characteristics of the injected
signal response [9] or specific harmonics in the current or voltage
spectrum [10]. The observer-based method mainly includes
extended Kalman filter (EKF) [11], Luenberger observer, and
sliding mode observer (SMO) [12]. Among them, a R, and
L, estimation methodology based on EKF without no-load or
locked-rotor tests was proposed in [11]. A Luenberger-SMO
was proposed in [12], which has faster tracking of parameter
changes and improved robustness, and it is consistent with the
classical Luenberger observer when the parameter changes are
small. MRAS is an effective method in the field of parameter esti-
mation, because of its simple structure and easy implementation.
Therefore, there are many 7} estimation methods using MRAS,
such as rotor flux [13], stator voltage [ 14], torque [15], or reactive
power [16]. With the increase of controller computing power, Al
has also become a promising online 7} estimation method. For
example, artificial neural networks were used in [17] to compute
the parameters during transients. The authors in [18] proposed an
adjustable particle swarm optimization algorithm to update the
variation of 7;.. Scholars have proposed many effective solutions
to the time-varying 77, but they usually increase the complexity
of implementation. In addition, the control performances are also
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affected by the depth of the detail and the available resources
during the implementation [8].

Compared with speed integral, the PLL schemes are more
robust to L, variation. However, there is a phase error when
the speed ramps because the classical PLL is a type-2 control
system [19]. Increasing the control bandwidth can effectively re-
duce this phase error, but its disturbance rejection capability will
be reduced. To solve this problem, the authors in [20] proposed
adaptive PLL that increases the control bandwidth to reduce
phase error and improve the dynamic response when the speed
ramps, and decreases the bandwidth in the steady state to keep
disturbance rejection capability. To maintain the phase without
deviation, some scholars propose high-order PLL or variable
structure PLL [21]. In addition, the performances of PLL can
be affected by the harmonics and dc bias [22]. To improve the
disturbance rejection capability of PLL, many scholars incor-
porate specially designed filters in front of the input or inside
the control loop of PLL. The authors in [23] proposed a scheme
to improve the disturbance suppression capability of PLL by
adding a moving average filter that can completely block the
specific frequency disturbance. However, adding an additional
filter causes the transient performance to deteriorate, and the PI
controller in the loop filter is replaced by the PID controller.
According to different application backgrounds, some scholars
have proposed to use notch filter, complex coefficient filter, and
second-order generalized integrator to improve the disturbance
rejection capability of PLL [24]. As far as the dc bias problem,
adding a bias suppression ring inside the PLL is an effective
method to solve it. The input of the PLL in the motor drive
system is the flux, so dc bias can be effectively suppressed by
using a closed-loop flux observer [25].

In general, both the classical speed integration scheme and
the PLL scheme can realize vector control. However, the former
is easily affected by the change of 7}, while the latter has errors
in the speed ramps, and is also affected by harmonics, dc bias,
and parameter changes. Although many scholars have proposed
effective solutions to the above problems, they increase the
complexity of the algorithm and make it difficult to reproduce.
In addition, due to the different degrees of meticulousness used
by different schemes, the control performance and complexity
will be different.

The IM drive strategy without angle detection can effectively
avoid the increase in algorithm complexity caused by detection
accuracy. Predictive torque control (PTC) is a classical control
strategy for IM that does not require a flux angle. It can be
implemented in the static coordinate system, but it introduces
additional weighting factor tuning problems [1].

Motivated by the above analysis, in this work we propose
a predictive power control strategy with a simplified control
structure for IM drives. Main contributions are as follows.

1) The instantaneous power theory is utilized here to simplify
the control structure, which needs no rotor flux angle infor-
mation, and eliminate complex position observer design.

2) A rotor flux observer with enhanced stability in the sta-
tionary coordinate system is proposed, which achieves a
wide stable operation range.
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Fig. 1.
motor. Right: Fundamental voltage vectors.

Left: The topology of two-level voltage source converter with induction

3) Compared with classical predictive control strategies un-
der the same working conditions, the proposal shows
better control performances and simplified control
realization.

The rest of this article is organized as follows. Section II
introduces the mathematical model of the system used in the
paper. In Section 111, the classical predictive control strategies of
IM drives are introduced. Section IV is the proposed predictive
power control. In Section V, the proposed method is verified by
hardware-in-the-loop (HiL) and experimental results. Finally,
Section VI concludes this article.

II. SYSTEM MODEL

The topology studied in this article is a two-level voltage
source converter (VSC) with IM, which is shown in Fig. 1. Since
the proposed method does not detect rotor flux angle, the system
modeling will be completed in the stationary coordinate system.
The model of power converter and IM will be introduced in this
section, respectively.

A. Converter Model

The topology of a three-phase VSC with IM is shown in Fig. 1.
Sa, Sb, and S, represent the switching states of the three-phase.
Sx = 1 represents that the upper bridge arm is ON and the lower
bridge arm is OFF. Sy = 0 represents that the upper bridge arm
is OFF and the lower bridge arm is ON (z € {a, b, c}). Therefore,
the output voltage of the three-phase VSC can be expressed as
follows:

2
Ug = gVdc(sa + aS), + a*S.) (1)

where a = €15, Vg, is the dc link voltage of VSC. They can
form eight fundamental voltage vectors, as shown in Fig. 1.
B. Motor Model

The squirrel cage IM is modeled in this part. Its fundamental
equations can be expressed as

. dipy
us = Rgts + ;ﬁ (2a)
Q/)s = Lsis + Lmir (Zb)
d
0= Ryt + Yr _ Jjwip, (2¢)
dt
wr = Lmis + Lrir (Zd)
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Fig. 2.
are highlighted in (a) and (b).

where 25 and g are the stator current and flux, respectively. %,
and ), are the rotor current and flux. Ry and Ly are the stator
resistance and inductance, respectively. R, and L, are the rotor
resistance and inductance. L, is the mutual inductance. w is the
electrical angular speed of rotor.

The stator and rotor flux interaction can generate electromag-
netic torque and drive the motor to rotate. The corresponding
equations can be expressed as

3

Tc = §Np'¢’s X is (3)
d m
J;=n—n—m%> )

where T, and 77, are the electromagnetic and load torque, re-
spectively. IV, is the number of pole-pairs. wy, is the mechanical
angular speed of rotor. B(wy,) represents the friction torque
related to the speed of the rotor.

III. CLASSICAL PREDICTIVE CONTROL STRATEGIES OF
INDUCTION MOTOR DRIVES

The nature of finite control set MPC is the optimization of cost
function under the finite voltage vectors. The final result is to
output the selected switching vector that makes the cost function
optimal. The cost function can be flexibly configured to control
multiple objectives [26]. According to the different control
objectives, there are two classic predictive control strategies of
IM drives, i.e., PCC and PTC, which will be described in this
section. Their simplified control diagrams are shown in Fig. 2(a)
and (b).

A. Predictive Current Control

The cost function of PCC can be expressed as

(%)
where g = [itel — ik ()], igy = [ingf — 520" i =
0,...,7, and it is determined by the converter used in the article.
Because in the implementation of the algorithm, the time of
calculation, measurements, and actuation is considerable. If the
delay is not considered in the controller, the control performance
will deteriorate. The delay compensation strategy is an effective
way to solve this problem, i.e., 5512 (i) and i* igs +2(4) are used in

the cost function instead of i1 (7) and zkgl( ) [27]. This is why
the predicted values in k + 2 are used in (12), (23), and (24).

~err -err
J =g, + isp

Simplified control diagram of (a) PCC, (b) PTC, and (c) proposed PPC. The proposed strategy eliminates the phase detection and weighting factor, which

k+2 and zk+2 are the predictive value of stator current, which
can be obtalned from (2). Its predictive equation can be expressed
as

T. T, 1
i?%@:(L}E>é+T;%[h(T—ﬂﬁ

. . . o 2 o
where T} is sampling time. R, = Rs + ki, 0 =1 — ﬁ, ky =
LL and 7, = ‘;%L . “’f and erf are the reference value of stator

current. Their equatlons can be expressed as

il [ cos(@) sin(0)] [
it )~ |—sin(8) cos(6)| i
where 77§ and zref are the output of outer loop controller. € is

the angle of rotor ﬂux. There are two classical methods to get it.
The first is the speed integral, and the equation is

) vt
(6)

)

-ref

0 = [(w+ ws)dt ®)

L
where wy = 4

T ‘““q is the slip speed of the motor. The perfor-
mances of this method will be affected by the changes of R,,
because the rotor time constant 7} contains the rotor resistance
R, which varies with the working conditions of the motor. In
addition, there is pure integral in the above method, which will
also affect the control performances.

The second is through the PLL, whose transfer function is

GpLL = — = 2KPS—+K1 9)
0. s+ Kps+ K;

where K, and K are the control parameters of the loop filter
in the PLL. According to the transfer function, the classical
PLL is a second-order system, and there will be deviation at the
speed ramps. Its existing improvement schemes and drawbacks
have been introduced in the introduction. Besides, additional
control parameters are introduced, which increases the effort of
parameters tuning.

B. Predictive Torque Control

To obtain the predictive value of electromagnetic torque, it is
necessary to predict the stator flux. The prediction equation can
be expressed as

YETL(0) = E + Tk (i) — TyikR,. (10)
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Based on the prediction equations of stator current and flux, the
prediction equation of electromagnetic torque is

TRV ) = SN ) < ). A

The cost function of PTC can be expressed as
(12)

where T¢ = [T2f — TIH2(0))%, ¢ = [l — gI+2(i)". &
is the weighting factor. T"°f and 9" are the reference of torque
and stator flux, respectively. Because the physical dimensions of
torque and flux are different, it is necessary to add a weighting
factor to the cost function. However, finding the appropriate
weighting factor is still a problem [1].

J — Tcerr + )\wserr

IV. PROPOSED PREDICTIVE POWER CONTROL OF INDUCTION
MOTOR DRIVES

Aiming at the flux angle detection and weighting factor
elimination in classical PCC and PTC, the predictive power
control (PPC) with simplified control architecture is proposed
and the detail will be introduced in this section. The corre-
sponding relationship between instantaneous active power and
electromagnetic torque, instantaneous reactive power and rotor
flux is analyzed, respectively. Based on this, the realization
scheme of PPC is designed. In addition, the rotor flux observer
in the stationary coordinate system may be unstable when the
control frequency is low by analyzing its Lyapunov condition.
Therefore, a more stable rotor flux observer is proposed as well.

A. Predictive Power Control

Based on the instantaneous power theory, the instantaneous
active and reactive power of IM can be expressed as

13)
(14)

P = Usozisa + usﬁisl%
Q = usﬁisoz - usaisﬁ'

Based on (2), the instantaneous active power equation of IM can
be rewritten as

P = RS(iga + Zgﬁ) + wskr (wrﬂisa - wraisﬁ)
+ Wk;r(wrﬁisa - wraisﬂ)-

The first part is the instantaneous power consumed by the stator
resistance, the second part is the instantaneous power consumed
by the rotor resistance, and the third part is the electromagnetic
power of the IM. Similarly, the instantaneous reactive power of
IM can also be expressed as

15)

Q= —(ws+ W)ULS(ZEQ + 235)
+ Wkr (¢raisa + wrﬁisﬁ)~

- Wskr (wraisa + wr,ﬁisﬁ)
(16)

The third part is the excitation power corresponding to the
electromagnetic power.

Next, the corresponding relationship between torque and
electromagnetic power, rotor flux and excitation power will
be analyzed. In the synchronous reference frame of rotor flux
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oriented, the excitation power can be expressed as

Qe = Wkr¢rdisd .

Based on the relationship between rotor flux and stator current,
the above equation can be expressed as
2 _ 1 Qe (18)
T T s+ 1wk,
According to the above equation, the rotor flux can be controlled
by the excitation power, in which the speed is controlled by the
outer speed control loop. In the synchronous reference frame
of the rotor flux oriented, the electromagnetic power can be
expressed as

a7

P, = wkirqisq- (19)

Based on the relationship between torque and electromagnetic
power, the above equation can be expressed as
P,
T, = —=.

Wm

(20)

That is, the electromagnetic torque can be controlled by the
electromagnetic power.

To realize the PPC of IM, it is necessary to find out the
reference value of electromagnetic and excitation power. Based
on the above analysis, the instantaneous power reference value
can be expressed as

Pt =Tt @1)
Q(reef _ E;}efw::sf (22)

where 777! is the output of outer speed control loop that can not
only realize the tracking of speed, but also generate part of the
electromagnetic power reference value. Efff is the output of the
outer flux control loop. Its main function is to ensure that the
two terms in the cost function have the same physical dimension
and eliminate the weighting factor. w!®' is the reference of speed
which is the given value.
Therefore, the cost function of PPC can be expressed as

J = P 4 Qo (23)

where P = [Pl — PE2()) and QT = [Q -
Q¥*2(i)]2. PXt2(i) and QX¥*2(i) represent the predictive
value of electromagnetic and excitation power, respectively.
Considering the time of sampling and calculation, the time
delay compensation is necessary [27].

Based on the predictive value of stator current and rotor flux,
the predictive value of the electromagnetic and excitation power
can be derived, which can be expressed as

PEY2(i) = ke Nyw[thra 2isd (i) — vEF %052 (0)] (24a)
Q52 (i) = ke Npwm [ 2552 (6) + 5 2isg 2 (1)) (24b)

To analyze the feasibility of the proposed strategy conve-
niently, the synchronous reference system is introduced in (17),
(18), and (19). In fact, the synchronous reference system is
not used when the strategy is implemented in the controller
according to (23) and (24).
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Fig. 3. Diagram of rotor flux observer based on the current model.

B. Rotor Flux Observer

In the classical rotor flux observer based on the voltage model,
itis difficult to obtain stable rotor flux at low speed because of the
small back electromotive force. It is an effective compensation
method to add the rotor flux observer based on the current model.
It does not need back electromotive force, avoiding the problem
of a low signal-to-noise ratio at low speed. However, the flux
observer based on the current model has cross-feedback in the
stationary coordinate system, which may not converge in the
digital controller. To eliminate the cross-feedback, the classical
flux observer based on the current model is implemented in the
synchronous reference frame, but the rotor flux angle needs
to be introduced. In order to eliminate flux angle detection, a
stable rotor flux observer is designed in the stationary coordinate
system in this section, and its Lyapunov stability condition is
analyzed.

The diagram of rotor flux observer based on the current model
in the stationary coordinate system is shown in Fig. 3. Its state
space expression can be expressed as

PETL = ok 4 Hik (25)
where i = [isa isg] > Uri = [Vria Vrig]
1-L  or
_ Ty s
¢ = —wT, 1-— % ’ (26a)
L,
H= 0 ] (26b)
Ty

Based on the control theory of discrete systems, the condition
that the flux observer satisfies Lyapunov stability is

2T,
WT2+1°
In this experimental motor, as long as the control frequency
is greater than 7.94 kHz, the observer satisfies the Lyapunov
stability condition.

According to (27), the stability is related to the speed. The
higher the w, the higher the controller frequency required for
system stability. To further reduce the requirement for control
frequency, a stable flux observer is introduced. The current
model is used atlow speed, and the voltage model whose stability
is independent of the control frequency, is selected at high speed.
The scheme can be expressed as

PEt = F(2)st + [1 = F(2)wst!

ri

T < @7

(28)
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TABLE I
SYSTEM PARAMETERS

Parameter Symbol Value
Sampling time Ts 50 ps
DC-link voltage Ve 580 V
Stator inductance Lg 113 mH
Rotor inductance Ly 113 mH
Mutual inductance Lim 107 mH
Stator resistance R 0.688 2
Rotor resistance Ry 0.262 Q2
Pair of poles P 1
Rotational inertia J 0.005kg/m?

where F'(z) is the equation of the selection function [28]. In
this article, F'(z) = ﬁ is used, and it can be adjusted
according to the requirements. X! is the predictive value of
rotor flux based on the voltage model. The expression of the flux
observer based on the voltage model in the stationary coordinate
system can be expressed as

L, T
L

U =0 (0 — iR — o Le (i —df) . (29)
In the implementation of the proposed scheme, the selected F'(z)
cancels out the pure integration of the flux observer based on the
voltage model, effectively avoiding the dc bias.

The simplified control diagram of the three aforementioned
control techniques is shown in Fig. 2, and the simplified part is
highlighted.

V. EFFECTIVENESS VERIFICATION

In this section, the transient and steady-state performance
of the proposed PPC is compared with that of the PCC and
PTC through experimental and HiL results. The influence of
stator resistance Ry and mutual inductance L, variation on the
PCC and PPC is compared through experiments and HiL. In
addition, to emphasize the contributions of the proposed PPC,
the comparative experiments with the strategy proposed in [29]
are completed.

Fig. 14 is the experimental hardware. The load torque is
provided by a permanent magnet synchronous motor driven
by a commercial converter. Measured speed and currents are
used to drive the motor. The control frequency of the three
predictive control strategies is 12.5 kHz. The system parameters
of the tested IM are shown in Table I. The parameters of outer
speed controller are as follows: k., = 0.66 and ki, = 4. The
parameters of outer flux controller are kp,, = 15 and k;y, = 3.

A. HiL Results

To verify the effectiveness of the proposed PPC, the transient
and steady state performances of the PCC, PTC, and PPC are
compared. To ensure comparison under the same operating
conditions, the torque reference 7, for PTC is changed into
the product of %Np, 1/)§9f, and i;gf, where i;gf is the output
of the outer speed loop controller. The control parameters are
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kL = 0.3 and kS = 5, which are consistent with PCC and
PPC. To avoid the influence of the weighting factor on the
control performance as far as possible, the weighting factor is
adjusted so that the switching frequency of PTC is basically
the same as PCC and PPC, fluctuating around 6.6 kHz. It can
be seen from Figs. 4 and 5 that the performance of the three
control strategies is similar under the same working conditions.
However, through specific data analysis, the acceleration time
from —1000 to 1000 r/min of PCC and PPC is longer (151 ms),
while that of PTC is slightly faster (140 ms). This is related
to electromagnetic torque in the acceleration stage. In the full
acceleration phase, when the stator current limiting value is the
same, the maximum average output torque of PCC and PTC
is 11.7 Nm, while that of PTC is 12.3 Nm, which makes the
dynamic response faster. However, according to the results of
stator current analysis, the current control performance of PPC
and PCC is better, with THD of 4.39% and 4.459%, respectively,
while that of PTC is 5.38%, which is shown in Fig. 5. Based
on the above analysis, the control effect of the three strategies
is slightly different, and all of them can obtain good control
performance. In addition, compared with PCC, the proposed
strategy does not require rotor flux angle detection. Compared
with PTC, the PPC does not need a weighting factor.

The steady-state performance of PCC and PPC with stator
resistance R and mutual inductance L,,, changes are completed,
respectively. The performance of PTC does not shown here,
because that of PTC and PCC has been compared in [30]. In light
of the results in Fig. 6(a) and (b), the control performance when
the observed Ry is 50%, 100%, and 200% of the actual value
is verified, respectively. The torque variances of PCC under the
three working conditions are 0.1016, 0.0885, and 0.0876, while
those of PPC are 0.0772, 0.0827, and 0.0894. In general, both
PCC and PPC can operate stably when Ry varies in the range
of 0.5 to 1.5 times. To compare the effects of L,, changes, the
results of PCC and PPC when the observed L., is 0.95, 1, and
1.05 times of the actual value are shown in Fig. 6(c) and (d).
The torque variances of PCC under the three working conditions
are 0.4290, 0.1007, and 0.2366, while those of PPC are 0.4258,
0.0864, and 0.1721. In the process of L,, changes, the maximum
speed drop of PCC is 47.7 r/min, while that of PPC is 44.8 r/min.
In addition, as shown in Fig. 6(c) and (d), the torque and speed of
PCC fluctuate significantly when the observed L., is large, but
PPC can maintain stability. PPC is more robust to the change of
L, than PCC based on the above verification, because PPC has
a simplified control structure, avoiding the accumulation error
of rotor flux angle detection.
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B. Experimental Results

To further verify the effectiveness of the proposed strategy, the
comparison experiments of PCC, PTC, and PPC are completed.
The author first proposed PPC in [31], but the stability analysis
and experimental verification were not given. In addition, the
transient and steady state performance of the PPC and sequential
predictive torque control (SPTC) proposed in [29] is compared
by experiments under the same conditions.

Fig. 7 shows the experimental results of the PCC, PTC,
and PPC during acceleration and deceleration. The deceleration
time of the three strategies is 129 ms, 101 ms, and 102 ms,
respectively, while the acceleration time is 199 ms, 165 ms,
and 171 ms. Fig. 8 is the experimental results of the three
control strategies during sudden load increase and decrease. To
facilitate comparison, the actual data are shown in Fig. 8, and the
torque is averaged every 1 ms, which is equivalent to filtering
it. The speed and the averaged torque of the three strategies are
placed in Fig. 9. According to the results, the speed and average

torque curves of the three strategies basically coincide, which
shows that their response to the load torque changes is similar.
Based on the HiL results, all of PCC, PTC, and PPC can obtain
great control performance. In the experimental results shown in
Figs. 7, 8, and 9, the positive acceleration process with positive
electromagnetic torque was retained, and the sudden load change
and deceleration process with negative electromagnetic torque
were added to verify more working conditions. In general,
the experimental conclusion is consistent with that of HilL.
The three strategies can track the reference value rapidly, but the
maximum output torque of PTC is larger with the same stator
current limiting. Therefore, its response speed is the fastest in
the acceleration and deceleration stages, but the control effort of
its stator current is the worst. PPC is more convenient to realize
and easy to get good control performance with the simplified
control structure.

Fig. 10 analyzes the influence of mutual inductance L.,
changes on the proposed strategy through contrast experiments
with PCC. As can be seen from the experimental results, both
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the same conditions. (a) PCC. (b) Proposed PPC.

strategies perform well when the observed value of L., is smaller
than the actual value. However, when the observed value is
greater than the actual, the speed and rotor flux fluctuation of
the proposed PPC is smaller than that of PCC. The speed drop
of the PCC is 33 r/min, while that of the PPC is 21 r/min. The

results in Fig. 10.

According to the experimental results shown in Figs. 11 and
12, the transient response of the proposed strategy is faster when
the load abruptly increases from O to 5 Nm, and the response
time of the proposed PPC is 138 ms, while that of SPTC is
152 ms. Through the analysis of steady-state torque, the torque
variance of SPTC is 0.0313, while that of PPC is 0.0417. By
analyzing the steady-state stator currents, the THD of SPTC is
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Fig. 14.  Test bench setup for verifying the proposed methods. (a) Loading
converter. (b) Upper computer. (c) Controlled converter. (d) Plexim RT-BOX
real-time controller. (¢) Load motor and drive motor.

5.39%, while that of PPC is 4.79%, which is shown in Fig. 13.
According to the above results, both SPTC and PPC can achieve
good control performance, but the transient response speed and
steady-state stator current THD of the proposed PPC are better.
This is because SPTC turns the weighting factor that can vary
continuously in PTC into discrete weighting. The weighting of
SPTC can be adjusted equivalently by changing the optimization
order of the cost function and the number of selected vectors.
The SPTC reduces the workload of weighting factor selection
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but also reduces the freedom to adjust the control performance.
The proposed PPC can control the output active and reactive
power with the same physical dimension without the weighting
factor.

Based on the analysis of HiLL and experimental results, PCC,
PTC, and the proposed PPC can obtain good and similar control
performance, although they are somewhat different in detail.
Both PPC and SPTC can drive the IM without weighting factor
and flux angle information, but the experimental comparison
with SPTC shows that the control performance of the proposed
strategy is better, because SPTC loses some optimization free-
dom due to the cascade structure. PCC also does not need the
weighting factor, but its control performance could be affected
by the accuracy of rotor flux angle detection, and the proposed
PPC eliminates this link. Therefore, the control performance of
the PPC is better than that of PCC when L, changes. In general,
the above results and analysis prove that the PPC can obtain good
control effect with a simplified control architecture.

VI. CONCLUSION

To solve the problem that the control performance of the
classical PCC heavily depends on the accuracy of rotor flux
angle detection, this article proposes a PPC strategy. Compared
with the PCC, the control framework of the proposed strategy
is simplified, which does not require rotor flux angle detection.
PTC also does not require rotor flux angle information, but it
introduces cumbersome weighting factor selection. Compared
with PTC, the proposed PPC does not require the weighting fac-
tor. In addition, a more stable flux observer in the stationary co-
ordinate system is proposed, and the condition that the proposed
method satisfies Lyapunov stability is analyzed. Experimental
and HiL results show that the PPC can achieve sufficient control
performance with the simplified control framework. When the
parameters are accurate and consistent, the control performance
of PPC is similar to that of PCC and PTC. Moreover, the
proposed PPC is more robust to mutual inductance L, variation
than PCC.

Our future work will study more parameter-independent con-
trol strategies based on the proposed framework.
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