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Abstract: Digital processing poses a considerable time delay on controllers of induction motor
(IM) driving system, which degrades the effects of torque/flux decoupling, slows the motor torque
response down, or even makes the entire system unstable, especially when operating at a low
switching frequency. The existing methods, such as feed-forward and feed-back decoupling methods
based on the proportional integral controller (PI), have an intrinsic disadvantage in the compromise
between high performance and low switching frequency. Besides, the digital delay cannot be well
compensated, which may affect the system loop and bring instability. Conventional complex vector
decoupling control based on an accurate IM model employs complicated decoupling loops that
may be degraded by digital delay leading to discrete error. This article aims to give an alternative
complex vector decoupling solution with a simple structure, intended for optimized decoupling and
improving the system dynamic performance throughout the entire operating range. The digital delay-
caused impacts, including secondary coupling effect and voltage vector amplitude/phase inaccuracy,
are specified. Given this, the digital delay impact is canceled accurately in advance, simplifying
the entire decoupling process greatly while achieving uncompromised decoupling performance.
The simulation and experimental results prove the effectiveness and feasibility of the proposed
decoupling technique.

Keywords: low switching frequency; induction motor; complex vector; delay compensation;
decoupling control

1. Introduction

Induction motors (IMs) are widely used in the industry due to their simple structure,
fast dynamic response, low moment of inertia, low torque ripple, high reliability, and low
costs of manufacture, repair, and maintenance. Particularly because of the multifarious
advantages in handling large voltages and currents, the induction motor continues to
be a preferred choice for multimegawatt, medium-voltage applications [1-3]. To achieve
better dynamic performance, more complex and sophisticated techniques were proposed
to control the motor [4]. These techniques include Field Oriented Control (FOC) [5], Direct
Torque Control (DTC) [6], and Indirect Stator Control (ISC) [7]. Field Oriented Control
is the most popular vector control method [8]. Previous studies have shown that due to
its high efficiency in controlling the induction motor, this vector control method is by far
the most widely used control scheme [9,10]. As shown in Figure 1, FOC is implemented
by modulating the torque component and field component of the stator current (is; and
is;) separately, through a synchronized change in supply voltage (us; and us;) amplitudes,
phase, and frequency [11]. FOC decomposes the stator current into mutually perpendicular
excitation current and torque current, thus realizing independent regulating of flux and
torque. Nevertheless, there is cross-coupling in the FOC, consisting of two parts, i.e., the
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cross-coupling drawn on the stator side by the rotating coordinate transformation and the
coupling of the back electromotive force (EMF) [12].
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Figure 1. Control block diagram of Flux Oriented Control system.

Cross-coupling degrades current control performance. To solve this problem, control
methods including hysteresis control, Proportional Integral (PI) control, and predictive
control are modified to include decoupling terms based on the feed-back state [13-17].
However, the decoupling terms always lag actual cross-coupling terms. As a result, these
feed-back methods only attenuate rather than eliminate axes cross-coupling. In [18-20], a
decoupling method based on preprocessing reference current feed-forward was proposed
and improved. Feed-forward crossing terms are added onto the PI outputs to compensate
for cross-coupling components. Such feed-forward structures rely on coupling voltages
estimation and are extremely susceptible to parameter migrations, especially under the
situation of low switching frequency [21]. Furthermore, such PI-based decoupling con-
trollers cannot achieve expected high performance with a limited control bandwidth [22].
Evidently, the above decoupling methods are not suitable solutions to high-power IM ap-
plications like traction driver systems, where the switching frequency is limited to several
hundreds of hertz, typically 500 Hz or lower [23].

Alternatively, low switching frequency produces non-negligible digital delay, aggra-
vating the cross-coupling between the excitation and torque components. Inner current
loops are much faster than the outer flux/torque loops, which makes the current loops
more sensitive to the digital delay. The digital implementation of inner loop controllers
would present an inherent time delay between timing points of current sampling and
real gating signal acting. Taking the asymmetrical pulse width modulation (PWM) [24]
technique, for example, it feeds the output voltage twice every cycle. The delay will be as
large as a one-and-a-half sampling period corresponding to approximately 54 degrees in
the electric angle at a condition of 500 Hz switching frequency and 100 Hz synchronous fre-
quency. As such, the stator voltage references given by the controllers are not as expected,
which may cause motor instability. In [25], the authors propose a delay compensation
approach with a one-step prediction of the stator current. However, its employed latch
interface may degrade at very low sampling-to-fundamental frequency ratios. Due to the
fact that the complex—coefficient transfer function can easily analyze the cross-coupling of
axes, some researchers proposed the complex vector current controller to provide better
cross-coupling compensation [26-28]. The authors describe a contemporary estimating
strategy for IM, adopting relaxed discrete-time approximations. However, the technique
is somewhat complicated, and the tested sampling-to-fundamental frequency ratio was
not less than 25. Wang et al. proposed an accurate complex vector decoupling control
with a closed-loop current observer with a lower sampling-to-fundamental frequency ratio
of 8 [29]. However, the models are complicated and challenging for real-time industrial
applications.

This paper aims to find an alternative complex vector-based solution for the IM
drive system in which the decoupling effect is equal to the complex vector-based accurate
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solution while avoiding the complicated control implementation structure. This paper
proposes an improved complex vector control strategy based on the concept put forward
in [29]. By further analyzing the coupling effects considering digital delay, this method can
address the coupling issues to a full degree. Since the voltage error caused by digital control
delay is canceled, this method can also simplify the synchronous coordinate coefficients
model of the vector control system. Thus, the complex vector decoupling control can
meanwhile have a simple structure.

Section 2 of this paper analyzes the causes of coupling components at low switching
frequency conditions and their influence on motor control. In Section 3, the limitations
of conventional decoupling control strategies are discussed. In Section 4, the delay com-
pensation strategy with a simple structure is proposed and followed by the improved
complex vector control strategy. To validate the proposed technologies, the simulation and
experimental results are presented in Section 5. Section 6 concludes the whole paper.

2. Induction Motor Coupling Issues
2.1. Complex Vector Model and Torque/Flux Coupling Effects

The induction motor is commonly modeled as four sets of equations, i.e., flux equa-
tions, voltage equations, torque equations, and motion equations. It is a high-order, nonlin-
ear, and strongly coupled complex system in the three-phase static coordinate system (also
known as abc frame). The motor model can be greatly simplified by transforming the abc
frame into the synchronous one (also known as dg frame). As such, the voltage equations
can be expressed by Equations (1) and (2).

usg = (Rs +0Lss)isg — oLswiisg + %Slprd - Lﬁ’wllpm (1)
Usg = (Rs + 0Lss)isg + oLswrisy + %’Slpm + LL—'fwlzprd
{ 0 = Ryisg + stsg + witPsg + (w1 — wr) g @)
0= Rrird + Slprd + wl#)rq + (wl - wr)l/)rd

where, ug; and us,; are stator voltages components in dg-Frame, is; and is; are dg-stator
currents, i,4 is d-axis rotor current, ;4 and s, are dg-stator fluxes, 1,4, ¢, are the dg-rotor
linkage fluxes, Rs and L; are stator resistance and inductance, R, and L, are rotor resistance
and inductance, Ly, is mutual magnetization inductance corresponding to the main flux
linkages, o =1 — len/ (LsLy) is flux leakage coefficient, s is differential operator, wy is the
synchronous angular velocity, and w; is the rotor angular velocity.

{ Ysq = Lsisg + Liniyg 3)
lpsq = Lsisq + Lmirq

{ Yrg = Lmisq + Lriyg )
1Prq = Lmisq + Lrirq
3 .. oo

T, = Eanm (isaira — irgisq) (5)

Equations (3) and (4) are the flux equations. The torque equation is expressed by (5),
where 7, is motor pole count. The dg-frame and the rotor linkage flux ¢, are relatively
static. If d-axis is locked to the direction of rotor linkage flux ¢,. It drives ¢,; = ¥, Prg = 0.
Then the stator voltage equation can be simplified as:

Usg = (Rs + 0Lss)isg — 0 Lswyisy + LL—’fswr ©)
Usg = (Rs + 0Lss)isg + 0Lswrisg + LL—’jwllp,

Further, the complex vector expression can be defined as:

. . L L
us = (Rs + 0Lss)is + joLswris + L—msu)r +]L—mw11p, (7)
T T
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Similarly, the complex vector equation of rotor voltage can be obtained as follows:
0 = Ryip + s, + jws, 8

where, ws = w1 — wy is the motor slip angle frequency. The complex vector equation of
the flux linkage can be written as:

{ P, = le:s + mer )
P, = Lyiy + Liyis
Since i, can be expressed by ¥, and is as
i = L%ll), — %is (10)
Equation (8) can be rewritten as:
s, + P, = —jws T, + Lyis (11

where, 7. = L, /R, is the rotor time constant, Equation (11) is the complex vector equation
of the rotor flux linkage in the rotating coordinate system. By substituting Equation (11)
for Equation (7), the stator voltage complex vector equation can be further expressed by
Equation (12):

mRy

. ) . L )
us = (R, + 0Lss)is + joLswyis — T(l — jwr T )P, (12)
T

where, R, = Rs+ (Ly,/ L,)ZR, is the equivalent stator resistance. By substituting Equation (11)
into Equation (12), a transfer function can be obtained as:

C _LS_ s + jwsT + 1 (13)
" us (Rl +0Lss + joLswr) (T8 + jwsT + 1) — ki (1 — jwrTy)

where, k; = L2,R, /L2, w; is the synchronous angular frequency, w, is the rotor angular
frequency, and w; is the slip angular frequency. According to (13), the motor voltage equa-
tion in the synchronous rotation coordinate system contains the cross-coupling component
—joLswyis and the back-EMF component Ly, R, (1 — jw,T,), /L. The signal flow diagram
of the induction motor in the dg-frame can be illustrated by Figure 2. Coupling parts
are caused by the complex factor j. The imaginary part of a complex transfer function
determines the degree of current cross-coupling [25]. As shown, there is a coupling factor
in the feed-back loop at the rotor side. Generally, the value of the slip angle frequency in
the whole speed range is tiny. The value of the rotor time constant is also small. Therefore,
the influence of this part of coupling on the motor’s dynamic performance can be ignored.

X TR+olLs

—x= joL o,

éStator Side Rotor Side

Figure 2. Complex vector signal flow diagram of induction motor in dq coordinate system.

The second coupling factor in the feed-back loop is at the stator side. The coupling
value increases with the increase in the synchronous angular frequency. That is why
the current coupling in the middle and high-speed section of the motor is aggravated.
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Lastly, there is a coupling component between the stator and rotor of the motor. Its degree
depends on the size of jw, T \,Ln R, /L2, which is proportional to the angular frequency
of the rotor. Therefore, the coupling of this part is also aggravated in the middle and
high-speed sections.

2.2. Impact of Digital Delay on Coupling Effects

The delay of digital control is another critical factor that can introduce cross-coupling
components between the d and g axis voltages. Figure 3 shows the digital control timing of
the current control loop, where Space Vector Pulse Width Modulation (SVPWM) is adapted.

g L&+ T 1427

| | |
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| | |

| |

| | |
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I | I | I
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[} ! Tuul JL 7; g | 4
< g 1 bt »
Calculate PWM output
Sampling PWM updating, PWM updating,
Sampling sampling

Figure 3. The digital timing diagram for the current control loop.

Modulated vector voltages contain harmonics. However, the values of the harmonic
are crossing zero at midpoints of zero-vectors action time. Hence, the fundamental current
component can be obtained by sampling at the middle timing of each zero-vector action
interval [30]. At the same time, updating the modulation reference signal at the peak or
trough of the carrier wave can help avoid multiple actions within a cycle and false pulses.
Therefore, signal sampling and processing are usually carried out in the trough and peak
of the carrier wave.

The code execution of control algorithms needs to be completed in advance of the
updating of modulated wave data. In other words, the signal processing should be
completed before entering the next time step. If we define the current sampling period as
T; then the delay time caused by digital control (T,,;) equals Ts.

Additionally, the phase delay caused by regular asymmetric sampling is shown
in Figure 4. The PWM signal to update is generated during the time interval between
two sampling points. An equivalent sine wave can be used to analyze the delay impact
caused by PWM modulation. The equivalent sine modulation wave phase is about half
a sampling cycle behind the standard sine modulation wave. Therefore, the PWM phase
delay caused by the asymmetric regular sampling modulation process is half a sampling
period Tpwy = 0.5T;. Therefore, the total delay time of the digital control system is
Ty = Teg + Tpwym = 1.5Ts.

Triangle Carrier Sine Modulation Wave

|
|
! | Equivalent Sine Regular Sampling
| T »| Modulation Wave Modulation Wave

Figure 4. Time delay caused by the asymmetry sampling.
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The delay of the PWM waveform is directly reflected in the tracking delay of the
voltage imposed on the IM stators. Such a delay link can be represented by a transfer
function approximately equivalent to a first-order inertia link, as expressed by (14).

u 1
ur 1+1ys

Gdeluy - (14)

Equation (14) can be further expanded into a dynamic equation in the stationary

coordinate system as:
S

du

Tdd—ts +ul = u* (15)
As shown in Figure 5, the voltage complex vector in the stationary coordinate system

can be expressed by a corresponding vector in the rotating coordinate system:

{ ud = uselt (16)

Sk __ g ex,jwrt
ud = ugtel1

g ) w=ule

— J9

":_|us|e

u

Yplm—ZZ=p
-7 N
U ~ I\ !

sq | d
% il Uy,
10 » O

Figure 5. Voltage complex vector expressions in different coordinate frames.

Substituting (16) into (15), the voltage equation in the synchronous rotating coordinate
system can be obtained as:

e

Ty + (14 jwrtg)ug = ug” (17)

Therefore, the transfer function of the digital control delay link in the synchronous
rotating coordinate system can be obtained as:

Gl = 25 = ! (18)
delay us* 1+ 155+ jwle
Substituting ug = ugg + jusq, ug" = ugy, + jug, into Equation (18), we can get:
_ultwiTyusg
Usd = T5+1 19
U —wi Ty (19)
Usg = Ty5+1

Figure 6 shows the coupling effect of digital control delay in the rotating coordinate
system. Evidently, with the increase in the synchronous angular velocity, the voltage
coupling of the d and g axes increases. Although this coupling effect is straightforward as
analyzed, it is rarely mentioned in early research. In this paper, such a digital delay leading
to cross-coupling is put forward as one critical issue to handle.
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Stationary Frame Synchronous Frame

Figure 6. Coupling effect of digital control delay in the stationary/synchronous frame.

3. Conventional Current Decoupling Control Strategies
3.1. PI Current Controller-Based Decoupling

Equation (20) represents the transfer function between the stator current and the stator
voltage, derived from (7). It should be noted that the dynamics interval of the rotor flux is
often considered to be much shorter than that of the motor current. Hence, the coupling
components of the back electromotive force are often designated as external disturbances.
Therefore, (20) presents a simplified IM vector model in the synchronous coordinate system.

is 1

G = — =
P us  RL+0Lss+ joLsw;

(20)

To decouple the torque and flux control, two representatives of the PI current regulator
with compensation were commonly used. One is to construct compensation terms using
the current reference value directly, which is called a feed-forward manner. The other is to
construct voltage decoupling terms using sampled real current value, known as feed-back
decoupling control.

3.1.1. Feed-Forward Decoupling Control

The block diagram of feed-forward decoupling control is shown in Figure 7. The
term joLswiiy is added to the output of the current controller to compensate for the cross-
coupling term. The closed-loop transfer function with PI feed-forward control is:

kpS —l—kl
(1+ 748 + jw1Ty) (R + 0'Lss + joLswr) + kps + ki

Gclo = s (21)

{Feedforward Decoupling Controller :
> |
+ +ﬂ u
l:b@:;

Delay Plant

Figure 7. Feed-forward current controller block diagram.

Figure 8 illustrates the zero-pole map of the system. It has one zero and three poles.
When the speed is zero, the system is not coupled (P2 and P3 are symmetrical about the
real axis). With the synchronization frequency increasing, the poles P2 and P3 are no longer
symmetrical to each other about the real axis. Both the pole P1 and the zero Z1 move
towards the imaginary axis with the increasing synchronous frequency. Furthermore, Z1
cannot fully offset P1. When the synchronous frequency is high enough, P1 appears at
the right unstable region. The system stability is disturbed. Therefore, the feed-forward
decoupling has its limitation.
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Figure 8. Closed-loop pole-zero map of feed-forward decoupling control.

3.1.2. Feed-Back Decoupling Control

The control block of feed-back decoupling control is shown in Figure 9. The closed-
loop transfer function can be derived as:

kpS + ki

Geo = - - -
4o (s + 1+ jwrtg) (R, + 0Lss + joLswy) + kps + ki — jwr0Lss

(22)

Feedback Decoupling Controller

Delay Plant
! :

st ltjor,

*
s

Figure 9. Feed-back decoupling control block diagram.

The zero-pole distribution of the feed-back decoupling is illustrated in Figure 10.
With the increase in the synchronization frequency, both poles of P1 and P2 move to the
imaginary axis. The pole P2 even moves towards the right half-plane with higher speed.
Thus, the decoupling effect of feed-back decoupling control is also limited. The goal of
conventional decoupling methods is to compensate for the cross-coupling caused by the
rotation coordinate transformation. The digital delay leading coupling and the back-EMF
coupling is not considered. Hence, it is not hard to know why their decoupling effects are
not ideal.
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Figure 10. Closed-loop pole-zero map of feed-back decoupling control.

3.2. Complex Vector Current Controller-Based Accurate Motor Model

The two current controllers analyzed above are based on the simplified motor model
(see Equation (20)), where the back-EMF coupling component is considered an external
disturbance. However, with the increase in the motor speed, the EMF component gradually
increases. As such, this coupling part should not be ignored. The accurate mathematical
model of the induction motor, which considers all the coupling factors, can be employed to
design a current controller contributing more thoroughly to the decoupling effect. When
the delay link is taken further into account, the complex vector transfer function becomes:

1 Ts + jwsTr + 1

= , X . . .
s + 1+ jwrty (R +0Lss + joLswr)(Ts + jwsTr + 1) — k1 (1 — jwr )

(23)

According to the pole-zero cancellation principle, the complex vector current controller
can be designed as:

(R} + 0Lss + joLsw1 ) (s + jwsTr + 1) — k1 (1 — jwrTy)

s+ 1+ jwity
x 7;5(Ts + jwsT + 1)

Td5+1

Ge = ko (24)

In this way, the complex vector transfer function is changed into a real one. The
coupling of the system caused by the complex poles is therefore compensated. In (24),
if the molecule has higher order than the denominator, the controller is equivalent to a
differentiator that is easily interfered with by noise and may disturb the stable operation.

Therefore, a first-order lag link 1/ (745 + 1) and integral link 1/ ;s are introduced. The
block diagram for the complex vector current controller of (24) is shown in Figure 11. Three
sub-loops contribute to decoupling. Specifically, Sub-loop 1 is used to cancel the complex
poles generated by the inverse electromotive force, Sub-loop 2 is used to cancel the complex
poles generated by the abc-dq transformation of the motor model, and Sub-loop 3 is used
to cancel the complex poles caused by the digital delay. Figure 12 shows the zero-pole
distribution of the precise motor model.
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Complex Vector .
Current Controller; Sub-Loopl

Figure 11. Complex vector current controller-based accurate motor model block diagram.
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Figure 12. Zero pole distribution diagram of the accurate motor model.

After employing the complex vector current control of (24), the zero-pole distribution
of the closed-loop transfer function of the system is shown in Figure 13. By comparing
Figures 12 and 13, it can be seen that, except for two conjugate poles, all the other complex
poles are offset by the zeros introduced by the complex vector current controller. The
complete decoupling is hence realized. The open-loop transfer function of the system can
be expressed as:

1
Ts(tys +1)

As such, the system turns to be a simple second-order one. The imaginary part of
transfer function becomes zero. The value of 7; and kj can be easily decided according to
the desired output characteristics.

Theoretically, the complex vector controller based on an accurate IM model has an
excellent decoupling effect. However, the discretization process can be highly complicated.
Furthermore, this method is greatly affected by the accuracy of the discretization method,
which is often not high at low switching frequencies. Hence, the effort in this paper
is to find an alternative complex vector-based solution for the IM drive system so that
the decoupling effect is equal to the complex vector-based accurate solution while the
complicated control implementation structure can be avoided.

Go = Gc-Gp =ko (25)
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Figure 13. Zero-pole distribution of closed-loop transfer function for complex vector current
control system.

4. Proposed Improved Complex Vector Current Decoupling Control
4.1. Digital Control Delay Compensation

Regarding the space vector pulsed width modulation (SVPWM), due to the presence
of digital delay, the voltage space vector (taking a common vector V, for example) sampled
at time f would not act on the power hardware until it enters the time interval between ¢ +
Ts and t + 2Ts. Such an effect can also be stated as follow: when the reference space vector
V;* is aligned with V,(t), the acting space vector Vfl is actually located inside the sector
between V. (t — Ts) and V; (t — 2Ts), as shown in Figure 14a. Note that the superscript ()
is used to indicate the variable is in the static frame («f). Another superscript (*) will be
used to indicate the variable is the synchronous frame (dq) in the following analysis.

d(o)

(a) (b)

Figure 14. Vector diagrams. (a) Synchronous coordinate and voltage vector rotation. (b) Action effect
diagram of voltage vector.

The rotation speed of the voltage vector V;* is consistent with that of the synchronous
coordinate frame, so the transformed voltage vector in the synchronous coordinate frame
Ve (V&* = Vi*e %) is constant and relatively static with the d-axis. Assuming that the
synchronous angular frequency wj is invariant during the delay period, from the view of
static coordinate system, when the voltage vector V; is at the V;* position, the real acting
vector is Vﬁl, as shown in Figure 14b. Based on area equalization concept [31], the real
voltage vector acting on the motor can be expressed by (26):

/ 7TS . .
1 Vf*e](“’lt+91)d‘r - K(wlz T5)€](91_1'5w1T5)V$* (26)

vwol
" Ty Joom



Electronics 2021, 10, 3048

12 of 23

Then it can be derived that the error caused by the digital delay on the voltage vector
V, is:
Vi/ K(wl/ Ts)ej(elil'SwlTS)Vﬁ*

Gerror = W = Ve*ejel = K(W]r Ts)€7j1’5w1Ts (27)
r r

where, K(wy, Ts) = ﬁ sin( wlzTS ). According to (27), the influence of digital control delay

on the voltage space vector can be summarized as follows:

(1) The voltage vector amplitude becomes K(w1, Ts) times the reference value. Due to the
fact of K (wl, TS) < 1, the amplitude of the voltage vector turns smaller. However, if
wy is small enough, K(wq, Ts) would be very close to 1. Hence, the voltage amplitude
changes very lightly in the low-speed region.

(2) The phase lag of the voltage vector occurs, and the lag time is one and a half of
sampling cycles. With the increase in the synchronous frequency, the lag angle
becomes larger.

By inverting the error formula, a compensation method of the digital delay can be

designed as follows:

1 ej 1.5 Ts

= = (28)
Gerror K(a)ll Ts)

Such a method is very straightforward. By employing it to the voltage vector’s ampli-
tude in the stationary coordinate system and the phase correction angle, the magnitude of
the voltage vector becomes the same as the original value.

According to the above analysis, the digital delay can be approximately regarded as
a first-order inertia link in the static coordinate system. Figure 15 shows the induction
motor’s Pl-based control block diagram after the delay compensation link (see (28)). In the
loop, the term Vi_ﬁc is used to compensate for the back EMF coupling.

Ge

L
s = _fmwbrwr (29)
r
where, wy, = R,/L; — jwy, € is the back-EMF component in the stationary coordinate
system, and e¢ is the back-EMF component in the synchronous coordinate system. These
two are actually same with each other.

Synchronous Current Controller

Ve

kY,

Delay K
Compensation: | Delay e,_;@ Plant

S ff
. s -~ I .5
, + + u, i + A
— — =
¥ :

<

Figure 15. PI-based current decoupling controller with delay compensation.

Affected by the delay, digitally controlled output voltage has specified phase lag and
amplitude attenuation compared with the command voltage. This will further cause the
output current amplitude attenuation and phase lag. Nevertheless, the inner current loop
PI controller can adjust the amplitude and phase of the voltage vector command value
so the voltage that can track its command well. That is to say, the current PI regulator
compensates for the error of the voltage vector. Inspired by this, the PI controller’s outputs
can be used to identify how large the error caused by the digital delay is.

Figure 16 shows the relationships of the output voltage commands of the current
PI controller with regarding to the increase of the motor speed with/ without imposing
the delay compensation strategy expressed in (28). In the figure, us4. and us,c are the d-
and g-axis command components generated by the current PI controller. The larger the
values of ., tsgc are, the more significant the voltage error caused by the delay is. Back
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to Figure 16a, the values get larger with the increase of the motor speed, indicating that the
higher the speed is, the greater the output voltage error is. In contrast, after adopting the
delay compensation strategy, both values remain near 0, as shown in Figure 16b. Hence,
the delay compensation strategy adopted can effectively compensate for the voltage error
caused by the digital delay.

800 =
E 600 200rpm/div
& 400
st
8 200
a0

-200
2 100 v
& 50V/div
= 50 Hsqc
o /
i 0 e ———
=
& -sof §§\
g Ui
1% 0.5 1 1S 2 25

Time/s
(a)
800 ——
200rpm/div

Speed/RPM
Fy
=3

50V/div u,

PI output voltage/V
r'dl

0 0.5 (. 1.5 2 25
Time/s

(b)

Figure 16. Simulation results of current controller outputs before and after delay compensation: (a)
Before compensation; (b) After compensation.

Further, Figure 17 shows the distribution of zero-pole points with/ without the delay
compensation. It can be seen that before the delay compensation, some poles of the system
will move to the unstable region (also the right plane of Pole-Zero Map) with the increase of
synchronization frequency. In contrast, after compensating the delay, all poles are located
in the left half plane. The system stability is therefore enhanced.

4.2. Improved Complex Vector Control

Using the delay compensation strategy to compensate for the digital control delay,
the cross-coupling introduced by the digital delay can be well canceled. Thus, the control
system is greatly simplified. According to the design idea of the complex vector current
controller, using the zero-pole cancellation principle, the current controller can be designed
in the following form:

ke(oLss + R. + joLsw)

G. = - (30)

Figure 18 shows the complex vector current control block diagram after delay com-
pensation, in which the voltage compensation component V§ . is used to compensate the
back-EMF coupling, and the complex vector controller is used to eliminate the control
object coupling.
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Figure 17. Zero pole distribution diagram before and after delay compensation:(a) Before compensa-
tion; (b) After compensation.

Improved Complex Vector Controller

Plant

Figure 18. The proposed complex vector current control with delay compensation block diagram.
Thus, the closed-loop transfer function of the current loop becomes:

i GGy 1
= — = = 1
Gato i 1+GGy s/ke+1 6D

The system turns to be a real first-order inertial one, and the value of k. can be
designed according to the bandwidth of the current loop. This decoupling method has
strong parameter robustness of the control structure. Furthermore, it has the same form as
the PI control (let k, = kc-0Ls, ki = k¢-R{) while avoiding the complex PI tuning process.

Figure 19 presents the scalar implementation loop for the proposed complex vector
decoupling control. The proposed control uses offset current command value and the feed-
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back value of the voltage to build decoupling items. So, it achieves real-time adjustments
of both feed-back and feed-forward decoupling.

I Uy
sd Ty, >
+ +
+ * .
+, -+ ¢
— — T —
Lt

Figure 19. Scalar implementation loop for the proposed complex vector decoupling control.

5. Simulation and Experimental Verification
5.1. Simulation Results

In order to explore the performance of the proposed complex vector decoupling
technique, the simulation on a MATLAB/Simulink platform is conducted. An induction
motor drive system with the configuration shown in Figure 1 is applied in the simulation.
Parameters of the system are summarized in Table 1.

Table 1. Simulation and experimental parameters.

Symbol Parameter Value
Prated Rated power 3000 W
U, ated Rated voltage 380V
Srated Rated frequency 50 HZ

p Pole count 3
Rg Stator resistance 11.8140 Q)
R, Rotor resistance 11.8429 )
Ls Stator leakage inductance 0.1835H
L, Rotor leakage inductance 0.1835 H
Ly Mutual inductance 0.1733 H
fsw Switching frequency 500 Hz

Figure 20 shows waveforms of the proposed decoupling with exact motor parameter
values known in the control, i.e. &Ls = o'Ls, and R, = R., where &'Ls and R/, are estimation
values used in the control. The waveforms from top to bottom are about three-phase
currents, torque, d-axis current and g-axis current. As shown, when the g-axis current
changes by step, the d-axis current is just slightly disturbed and then quickly recovers to its
command value. The three-phase stator current and electromagnetic torque change steadily
as well as the d-axis current. The above means the current coupling degree between d-axis
and g-axis currents is significantly reduced.

Note that, due to manufacturing differences and different environmental conditions,
these IM parameter values have large or small errors with their practical values. Hence, it is
very necessary to examine the parameter robustness using the proposed decoupling scheme.
Consequently, four cases with reasonable parameter estimation errors are considered, i.e.
0Ls = 0.60Ls6Ls = 1.50Ls, R, = 0.6R}, and R, = 1.5R.

Figure 21a—d provide their corresponding dg-axis current response curves. No matter
with any of the four cases, little difference can be observed compared with the accurate
one in Figure 20a, which indicates these inaccurate parameter estimations do not affect the
decoupling performance. Therefore, the decoupling control scheme proposed in this paper
has considerable parameter robustness.
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Figure 20. Current loop characteristics of the improved complex vector current decoupling con-

troller: (a) Three-phase stator current; (b) Electromagnetic torque sudden change process; (c) dg-axis
current response.

Figure 22 provides the comparison results between the feed-back decoupling and
feed-forward decoupling. It can be seen that the feed-forward control shows better dy-
namic performance. Consequently, the feed-forward control is taken as the conventional
representative to compare with our proposed scheme. The step response curves of the
feed-forward decoupling control under accurate parameter conditions and estimated pa-
rameter error conditions (motor speed is 600 rpm) are provided in Figure 23. The coupling
of d-q currents makes the transient d-axis current larger in the exact parameter condition
than the estimated parameter error condition. The parameter robustness of feed-forward
decoupling is not as good as the proposed scheme.



Electronics 2021, 10, 3048

17 of 23

[ee]

T T T 8 T T T
< it 2A/div it 2A/div
g 6 - §6 L | ari3d |
AT =] IATd
[} \ o w
g 4r l\/ 54 L
Q o
vl
g 2 ,52
9 | | | ) . ,
= < '
3 . — T T T - 8 - :
<6} I | . 2A/diy §6 | lw\ s 2A/div _
2 7 5 i
g 4 Ir §4 - ]
=
02 22
B0 20
=B P Y S SR ®) I 1 |
S 14 142 144 146 148 1.5 152 1.54 156 1.58 1.6 S 14 142 144 146 148 1.5 1.52 1.54 156 1.58 1.6
Time/s Time/s
(a) (0)
’ 2A/div | < ]
< 1 iv < i i
=6 .rd\ | E6 ‘\d\i 2A/div
5 \ad e "
§4 i [ \i §4 i \l\‘././ i
[3) sd @ :
.52 ' §2
c?o i i i " " "30 "
BN
8 : : : - : 8 r : . :
<\C6 l: ".A/lw/ 2A/d1V $6 '1’5*17\ - 2Ad1V
+~ N S E -
54- & ¥ L4 |
5,1 g
52 2’
'50 %0 1 il
‘?_2 ) X 1 ) 1 &*—2 1 1 1 1
S 14 142 144 146 148 1.5 1.52 154 156 1.58 1.6 1.4 142 144 146 148 15 152 154 156 158 1.6
Time/s Time/s
(b) (d)

Figure 21. dg-axis current response of improved complex vector controller with parameter estimation error: (a) &Ls = 0.60Ls;
(b) 6Ls = 1.50Ls; () R, = 0.6R}; (d) R, = 1.5R..

< 8 T T
3 Pl 2A/div
56 -
- o
é 4F \lm/ J
.2
5 of .
S

8 T T T — —
S llf"\ al, 2A/div
54 VS
-
5 M
o
wn
5 0
T2
@7 1 1 1 1 ' 1 1

14 142 144 146 148 15 152 154 156 158 1.6

Time/s
(@)

Figure 22. Step response of currents: (a) Feed-forward PI controller; (b) Feed-back PI controller.

< N0 DA
< . 1\%
<] Pl o
= LW
3 4t . I g
z 4 \l\(/
% of 1
<
..é 0 L " i i L i
<10 T T T — T — T T
= 1 l 2A/div
5q sq
5 A
S 5 —
(9]
5 0 i
<
S | j j | | | | | I
14 142 144 146 148 15 152 154 156 158 1.6
Time/s
(b)



Electronics 2021, 10, 3048

18 of 23

sd

<3 . y : — . y :
=7 LTIy TA/div
SG
§ 6[ JI"I"--...__ N
5 >
i N7 i
23
52
1
] 0 | ) I | | \ I
p 3 . . . . .l. . .
< | </, 2A/div ]
% 6 f\\
= 4 - | 4 3 { -
5 Ly
o2t .
RZ|
% 0 .
[++]
=) L L L L L L L
SU14 142 144 146 148 15 152 154 156 158 L6
Time/s
(a)
: / l\(/ 1A/div

i L Nl oy

O N R - T e N e s =)

g- axis current/A d- axis current/A

14 142 144 146 148 152 154 156 158 1.6

15
Time/s
(b)

Figure 23. Step response of conventional feed-forward decoupling with changing parameters:
(a) Accurate parameters; (b) Estimated parameters (0Ls = 1.50Ls).

To further verify the validity of the proposed decoupling control, the comparison
between the feed-forward decoupling control with delay compensation and the proposed
complex vector controller is shown in Figure 24. After delay compensation, the coupling
degree of feed-forward decoupling control is reduced to some degree. However, the degree
is still high. In contrast, the proposed control shows much better decoupling performance.
Till now, the parameter robustness and the decoupling effect of the proposed control is
proved to be better than conventional ways.

5.2. Experimental Results

To investigate the effectiveness of the proposed control method, experiments were
conducted with two 3 kW induction motors and their drive systems. Two inverter-motor
systems are coaxially connected, as shown in Figure 25a. One IM (M1) serves as the motor
under test. Another IM (M2) is used to emulate a load. Specifically, M2 stabilizes the speed
at a constant value of 400 rpm. When the speed is stable, a command torque current of 5 A
is suddenly added onto M1. Once the excitation current isq reaches stable status, the torque
current ig; changes from 0 A to 5 A in a step. Both drive systems are in a back-to-back
configuration, as shown in Figures 25b and 26. The Experiment parameters are the same as
shown in Table 1.
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Figure 24. Step response of currents: (a) Feed-forward controller with delay compensation;
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Figure 25. Experiment configuration: (a) Two coaxially connected inverter-motor systems; (b) Structure for the motor drive
system in experiments.
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The PI control without decoupling and feed-forward decoupling control are shown
in Figures 27 and 28, respectively. Compared with the traditional PI control, when the
g-axis current step changes, the amplitude of the current drop in the d-axis becomes

smaller, indicating that the coupling degree is reduced to some extent for the feed-forward
decoupling control.

Load 20N.m

20,0199

- @ ~~_ 0.0000

oo & s e

IR TRA] T ool ——%

Famber of Data: 10,001

Swpling Interval™ W p0us

[100. Oms/div]

@)

Figure 27. Feed-forward PI controller experimental waveforms: (a) Motor A-phase current; (b) dg-axis current response.
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However, the g-axis current overshot is larger, indicating that the dg-axis current
coupling is still serious. Finally, Figure 29 shows the experimental waveforms of the
improved complex vector control scheme proposed in this paper. It can be seen that
when the g-axis current step changes, the d-axis current is only slightly disturbed, and the
command value is quickly tracked; there was no significant overshoot of the g-axis current
either. Compared with the previous control schemes, the system response speed was faster,
indicating that the complex vector control scheme has a better decoupling effect and better
dynamic performance.
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Figure 29. Improved complex vector controller experimental waveforms: (a) A-phase stator current; (b) dg-axis

current response.
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compensated. Compared with the conventional PI current controller-based decoupling,
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