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Abstract— Periodic torque ripples caused by current harmon-
ics seriously affect the control accuracy of the Permanent magnet
synchronous motors (PMSMs). A conventional approach to
reducing current harmonics is the use of a proportional-integral
resonant controller in the current loop. Nonetheless, harmonics
can still cause steady-state errors. Furthermore, the PI-based
control structure is sensitive to parameter mismatches and uncer-
tain disturbances, which will decrease the tracking performance
of the current loop. To overcome the drawbacks of the traditional
control method, a hybrid robust resonant control strategy was
developed in this study. First, a vector resonant controller was
enhanced by introducing fractional-order calculus (denoted as
the fractional-order vector resonant (FOVR) controller in this
article) so that it can suppress harmonic components more
effectively. Then, a robust internal mode controller (Robust-
IMC) was designed to improve the robustness and dynamic
response and further reduce the current harmonics. Finally,
by combining the FOVR controller and Robust-IMC, a control
method—FOVR-Robust-IMC was designed as the robust control
law to ensure satisfactory robustness and harmonics suppression
performance. Meanwhile, the stability and robust stability of
the developed control strategy were also analyzed. The results
demonstrated that the proposed FOVR-Robust-IMC effectively
reduced the harmonic components and improved the robustness
to parameter mismatch.

Index Terms— Fractional-order vector resonant (FOVR) con-
troller, harmonics suppression, permanent magnet synchronous
motor (PMSM), robust internal mode control.

I. INTRODUCTION

ERMANENT magnet synchronous motors (PMSMs)
offer high efficiency, a fast response, and low electrical
loss. Thus, they are widely applied in industrial drive systems,
such as electric vehicles and large-scale systems [1]-[5].
However, nonideal factors (e.g., parameter mismatches, current
measurement errors, and dead-time effects of the inverter)
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cause the stator current to contain harmonic components that
result in torque ripples [6]—[8]. These torque ripples result in
periodic oscillations in the speed steady state, which reduces
the accuracy of the servo control system [9].

Several methodologies have been employed to attenuate
current harmonics. They can be grouped into two approaches.
In the first approach, the key dimensional parameters of the
motor are optimized to suppress current harmonics [10]-[12].
Although improving the structure is an effective approach, this
complicates the motor structure and increases the manufactur-
ing costs. The second approach is to use control algorithms to
modify the input current or voltage. This has the advantages
of requiring no additional hardware and being easily intro-
duced to motor machines. Therefore, this article focuses on
employing control algorithms to suppress current harmonics.

Numerous control methods have been proposed to compen-
sate for current harmonics. Iterative learning control was uti-
lized to reduce current harmonics and torque ripples in [2], [9],
and [13]; however, this algorithm depends on specific states
and needs a certain amount of data storage. To compensate
for periodic disturbances, the repetitive controller has been
utilized in a current loop to achieve zero static error tracking
of periodic components in the reference current [14]-[16].
Despite its advantages, this control scheme requires a long
time interval to reach steady-state conditions. Wu et al. [17]
developed a comprehensive disturbance observer to estimate
the torque ripples caused by multiple disturbance sources. This
observer-based technology can achieve satisfactory minimiz-
ing effects on current harmonics although nonlinear factors
are not considered. Yan et al. [18] proposed a torque ripple
suppression method by introducing two decoupled PI regula-
tors, and the speed ripple caused by current harmonics was
obviously reduced.

An alternative harmonics suppression control strategy is
to employ resonant controllers that have high computational
efficiency and flexibility. This control strategy is thus widely
used in pulsewidth-modulated rectifiers [15] and parallel
inverters [19]. Husev er al. [20] reported numerous conven-
tional resonant controllers. Among them, the ideal resonant
controller and quasi-resonant controller are the most typical
and widely used [21], [22].

The ideal resonant controller can achieve zero static error
tracking of periodic components. However, it is sensitive to
frequency variations and may destabilize the system in the case
of a significant computational delay. To increase the stability,
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some researchers have suggested using a quasi-resonant
(R) controller with a damping term. Applying a cutoff fre-
quency increases stability; it results in a large steady-state
error [20]. In [23], a vector controller (VR) is proposed by
introducing inductance and resistance parameters to decrease
the steady-state error and cancel the phase delay caused by the
control plant. However, the parameter mismatch will affect the
amplitude—phase characteristics of the VR controller, which
may decrease the harmonics suppression performance. In view
of this problem, the fractional-order vector resonant (FOVR)
controller was designed in this study. The modified FOVR con-
troller takes advantage of the properties of the VR controller
and fractional calculus [24]-[27], thereby further improving
the harmonics suppression performance.

A control structure using several resonant controllers (Rs
or VRs) paralleled with a PI controller is conventionally
adopted to regulate the current and compensate for the current
harmonics [28], [29]. However, the traditional PI controller
is sensitive to parameter mismatching, which will decrease
the tracking accuracy of the current loop [30]. Thus, robust
performance should be considered in the current controller
design.

The sliding mode control and disturbance observer [9], [30]
are effective methods to solve the negative effects of parameter
mismatching and uncertain disturbances; however, they have
some drawbacks; i.e., the inherent chattering caused by the
switch function may excite the high-frequency unmodeled
dynamics, and the upper bound of the uncertain disturbance
is difficult to determine. The robust internal mode controller
(Robust-IMC) provides a practical solution to improving the
robustness of the control system, due to its simple imple-
mentation, providing the desired dynamic response and a low
dynamic order [31]. This control strategy is widely applied in
the electric drive field [31]-[33]. Therefore, this study adopts
the Robust-IMC as an auxiliary controller to attenuate the dis-
turbance and improve the robustness to parameter mismatching
of the current loop.

Consequently, this article develops a new control method
named FOVR-Robust-IMC by combining the FOVR controller
and the Robust-IMC to enhance the performance of harmonics
suppression. The constituent FOVR controller is designed to
ensure that the VR controller maintains sufficient resonant gain
and further improves the harmonics suppression performance
in the parameter mismatch case. Meanwhile, the constituent
Robust-IMC is incorporated to improve the robustness of the
current loop and obtain the desired dynamic behavior. Further-
more, the distinct features of stability and robust stability of the
proposed FOVR-Robust-IMC are analyzed by the small gain
theorem. Finally, simulations and experiments are conducted
to verify that the phase current waveform, d—g-axis tracking
trajectory, and speed steady-state performance are improved
when the FOVR-Robust-IMC is applied in a PMSM drive
system.

The remainder of this article is organized as follows.
Section II describes the overall dynamic model of a PMSM,
presents an analysis of the PMSM torque ripples caused
by current harmonics, and provides a definition of frac-
tional calculus. Section III demonstrates the design process
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and performance analysis of the explored control method.
Section IV presents the simulations and experiments that
were performed to verify the servo control performance of
the proposed algorithm. Finally, our main conclusions are
presented in Section V.

II. DYNAMIC MODEL OF A PMSM AND
FRACTIONAL-ORDER SYSTEM

A. Dynamic Model of a PMSM

The dynamic model of a PMSM on the d—g-axis is given
by

1
ug = Rig + de—t" — wnLyiy
(1)

di
ug = Ri, + qu_tq +wpLgiqg + opyy

where ug, uy,iq,i4, La, and L, are the stator voltages, stator
currents along d- and g-axes, and d—¢q frame inductances,
respectively. A surface-mounted PMSM is considered, and Ly
and L, satisfy Ly = L,. Meanwhile, R is the resistance of
the PMSM, w;, denotes the electrical angular speed, and v ¢
is the PM flux linkage |

The dynamic model of a PMSM under a mechanical load
is given by

Joy =T, — T, — Bo, 2)

where w,,, T,, Ty, B, and J represent the mechanical angular
speed, electromagnetic torque, load torque, frictional coeffi-
cient, and inertial constant, respectively.

When field-oriented control is utilized for a PMSM,
the maximum output torque can be obtained by maintaining
the d-axis current at zero. Then, the control input for the
electromagnetic torque equation can be described as

T, = 15pyyriy = Ky 3)

where p is the pole pair and K, is the torque constant.

B. Torque Ripple Analysis

The sources of the torque ripple caused by the PMSM can be
divided into two main types: those caused by cogging torque
and those caused by harmonic torque. The cogging torque is
mainly produced by the mutual effect of magnetic flux and
stator slots. To date, no accurate model exists for describing
the cogging torque. Therefore, using a mathematical method
to compensate for this torque is difficult. The harmonic torque
is another important part of the torque ripple produced by the
parameter mismatch, current measurement errors, and dead
time effects of the inverter [28]. When the fundamental com-
ponents of the electromotive force and stator current are in the
same phase, the electromagnetic torque can be expressed as

1
T.(t) = w_(ea(t)ia(t) +ep(1)ip(t) + ec(t)ic(1))
= To+T ¢cos(6w,t) + T 5cos(12w,t)
= To+T harmonic (4)
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T = —[Em11m1+Em51m5+Em7Im7 +---]

2%),11
T6 = ﬁ[(Em7_Em5)Iml+(Emll_Eml)lm5

m

—|—(Em13_Eml)Im7+”'] )
T = —[(EmIS_Emll)Iml+(Eml7_Em7)1m5

2w,

| +(E,n19_E;115)1m7 +-]

where Ty, Ty, and Ty, are the average electromagnetic torque,
sixth-harmonic torque, and 12th-harmonic torque, respec-
tively; and Tharmonic 1S the total harmonic torque. The mechan-
ical angular speed w,, and the electrical angular speed wj
satisfy w, = pw,. E,; is the fundamental electromotive
force. E,;5, En7, Emtt, Emiz, Emi7, and E,, 9 are the fifth-,
seventh-, 11th-, 13th-, 17th-, and 19th-harmonic components,
respectively. I,,; is the fundamental component of the sta-
tor current. I,s, I,7, and I, are the fifth-, sevent-, and
11th-harmonic components, respectively, of the stator current.
According to (5), Ty is produced by the interaction between the
stator current and the electromotive force with the same order,
Tharmonic 18 caused by different orders for the stator current
and electromotive force, and the sixth-harmonic torque is the
dominant component [28].

According to (2), (4), and (5), the transfer function between
the electrical angular speed and electromagnetic torque can be
expressed as

TO(S) + Tharmonic (S) —TL (S)
wn(s) = Js+ B . (6)
According to (6), the harmonic torque will result in the
same frequency as the harmonic speed component, and the
sixth-harmonic torque is the dominant component. Therefore,
the proposed controller suppresses the sixth-harmonic torque

component on the d—g-axis.

C. Fractional-Order System Preliminaries

First, some basic notations and definitions for fractional-
order operators are given. Fractional calculus is an exten-
sion of the integer order. The continuous fractional-order
integral-differential operator is given as

ds
— 0
} dr¢ <>
oD =11, ¢=0 (7

/(dt)*f, E<0

where D is the fractional operator, ¢ is the fractional-order
¢ € M, and a and ¢ are the operator limits. The three most
important and frequently used definitions for fractional-order
systems are the Caputo, Grunwald-Letnikov (GL), and
Riemann-Liouville (RL) definitions. The xth Caputo definition
can be described as
8"

F(n—¢&) Jo (t =)t
where T'(-) represents the gamma function, which can be
expressed as

Dig(t) = dt, n—1<&é<n (8)

I'(z) :/Oo e ' dr. 9)
0

1439

e,(t) vl
et (1) hy, (t) > cos(wt) 2, (1) ;
T(wt) }ﬂ)
Z-90° hy, () ) sin(wt) —
e@(t) eq(t) Uq(t 3(t>

Fig. 1.  Block diagram of demodulating and modulating a single-phase
integral block.

In contrast to the Caputo definition, the xth-order GL
definition for an arbitrary order is given as

Dig(t) = 5Z< 1>f( )g(k—n

where A is the sampling interval and k is the number of

(10)

samples. denotes the binomial coefficients, which can

J=0

be calculated as
— 1
C=J+D 0

()~

The &th-order RL definition is given as

¢ 1 80
Dig®W)=ro—%x 5 dﬂ/ (—oed 12

where [ is the first integer that satisfies / — 1 < ¢ < 1.

The Laplace transform is a routine integral transform
method that is commonly used in engineering technology. This
method is also suitable for fractional-order systems. According
to (12), the Laplace transform of the RL fractional derivative
can be expressed as

1,
cE—-10-- (11)

L{oD; g(1)} = /0 oD g(r) = s L{g(1)}  (13)

where s= jo is the transform variable.

III. DESIGN OF THE FOVR-ROBUST-IMC

A resonant controller is a generalized integrator in a station-
ary frame. The three kinds of traditional resonant controllers
are briefly described here to highlight their main advantages
and shortcomings. These shortcomings motivated the design of
the proposed FOVR controller, which is detailed later in this
section. Then, the FOVR-Robust-IMC is proposed by further
incorporating the Robust-IMC to suppress the torque ripples
produced by current harmonics.

A. Review of Resonant Controllers

Fig. 1 shows a current control diagram in a stationary
frame with a synchronous rotation axis [33], where e(¢) is the
current error. e, () and eg(t) represent the current error in the
a—b-axis. ep(t) lags e,(t) —90° in the phase after a delay.
T (wt) is the Park transformation matrix. e, () and e, () denote
the current error on the d-g-axis. vg(t) and v,(f) are the
outputs of the controller /4. (¢) in the synchronous frame. v, (¢)
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and vg () are the control commands in the station frame. v(¢)
is the final control result.
The Park transformation matrix can be expressed as

sin(wt) i|

cos(wt)

cos(wt)

— sin(wt) (14)

T (wt) = [

According to Fig. 1, e;(f) and e,(¢) can be deduced as

eq(t) = e, (t) cos(wt) + ep(t) sin(wr) (15)
e, (1) = —e, (1) sin(ot) + ep(t) cos(wt).
Then, v4(t) and v, (¢) can be given as
va(t) = e4(1)®hqac(1) (16)
vg(1) = e, (1) @ hy (1)

where ® is the convolution operator.
Using the results for v,4(f) and v,(¢), the output v(¢) can be
represented as

v(t) = vy(t) cos(wt) — v, (t) sin(ot). 17)

Combining (15)—(17), v(t) can be rewritten as

0(t) = hae (1) ® ([eq(?) cos(wt) + ex(1) sin(wt)] cos(wt))

—hac(t) ® ([e4(2) sin(wt) + eg(t) cos(wt)] sin(wt)).  (18)

Based on the Laplace transform and mathematical deriva-
tion, the control output of V(s) can be expressed as

V(s) = Vu(s) + Vg(s) (19)

where
Vals) =5UH (s — jo)E, () + His + jo) E, (0] (20)

and V (s), V,.(s), Vp(s), E,(s), and H (s) represent the Laplace
transform of v(¢), v, (1), v4(1), e, (t), and hg(t), respectively.
Vg (s) has a phase lag of —90° with respect to V,(s).

According to (20), the regulation performances of the dc
regulator in the synchronous and stationary frames are iden-
tical. They have the same frequency response characteris-
tics in the bandwidth of concern. For ideal integrators with
Hyc(s) =k, /s, where k, is the gain regulation parameter,
the ideal resonant controller is given as

Hot(5) k, k, 2k, s 21
s) = — = .
acl s+ joy s — joy 52 + w2
It can be described as
. o0, W = o
Hee =
| a 1(]60)| [O, else
. 90°, O0<w<w
L|Hyer (joo)| = . ’ (22)
—90°, w > wy

where y is the resonant frequency.

According to (22), the ideal resonant controller has infinite
gain at the resonant frequency and can achieve a zero tracking
error for the ac signal. However, it has a narrow bandwidth.
It is, thus, sensitive to frequency variations. In addition,
an infinite gain increases the word length in the case of digital
implementation and destabilizes an open loop. To avoid these
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R(s),

a-1
2k w.s

Fig. 2. Implementation of the digital FOVR controller.

problems, the ideal integrator can be replaced with a nonideal
integrator Hy»(s) =k, /(1 4+ s/w.), where o, is the damping
frequency that satisfies @ > w.. The R controller is then
represented as follows:

ko &
I+E442 145

@

2k, w.s

__~
2 2+ 20cs +d
.

Hueo(s)= (23)

with
|Hac2(jw)| = kr/a)c;

The R controller appears flawless in terms of the damping
cutoff frequency, which expands the stability domain while
maintaining a high resonant gain. However, it increases the
steady-state error [20]. To improve the resonant gain and
reduce the phase delay caused by the control plant, a VR
controller is proposed in [15] and [23], which is expressed
as follows:

|LHue2(joo) (@ — o)™ < 90°. (24)

2k,w.s(s + R/L)
2420w +@?
The VR controller has a second-order term in the molecules
by embedding the inverse of the control plant. However,
the parameter mismatch may reduce the resonant gain and
affect the harmonics suppression performance.

G($)ovr = (25)

B. Proposed FOVR Controller

Based on the analysis in Section III-A, a fractional-order
term is added in the molecules of the vector resonant con-
troller, which results in the following optimized transfer
function:
2k,w.5%(s + R/L)

§2 4 208 + w?
where a denotes the fractional exponent and should be selected
in the range of [1,2) [24]. Based on (26), the proposed
resonant controller can be rewritten as

G(s)rovr = (26)

—2w, 60p)?
Y(s) = sa) Y ()1 — (SL;)Y(S)I(—I
LRGN 2k,wes*(s + R/L) 27

$2
where Y (s); and R(s); are the kth control output and input
of the FOVR controller, respectively. As shown in (27), three
terms contain an integral part 1/s; thus, the FOVR controller
can be described by the diagram shown in Fig. 2.

To illustrate the influence of k%,, w., and o on the FOVR
controller, a simulation experiment is carried out with varying
parameters at a center frequency w =400 7 rad/s.
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Fig. 3. Amplitude—phase characteristics of the FOVR controller: (a) increas-

ing k, with constant w.= 10 rad/s and a= 1, (b) increasing w, with con-

stant k.= 10 and a= 1, and (c) increasing o with constant k.= 10 and
= 10 rad/s.

Fig. 3(a) shows the Bode diagrams of G(s)royr With vary-
ing k, and fixed w,=10 rad/s and a = 1. It can be observed
that the peak gain of the FOVR controller is proportional
to k.. A larger k, increases the gain, which improves the
harmonics suppression. However, the bandwidth shows the
minimal change.

Fig. 3(b) shows the amplitude—frequency characteristics of
the FOVR controller with varying w. when k,=10 and a=1.
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Grovp(8)
§* +2w,5+ (6w, )

Fig. 4. Current control diagram of the PI-FOVR controller.

It shows that reducing @, increases the gain but decreases the
bandwidth. This results in poor robustness to frequency vari-
ations. In practical controller design, w, values of 5~15 rad/s
have been found to obtain a satisfactory balance [32].

Fig. 3(c) illustrates the impact of the order & on the FOVR
controller when k,=10 rad/s and w.=10 rad/s. It can be
observed that a large o results in large peak gain; how-
ever, the bandwidth remains fixed. Meanwhile, the frequency
response curve shifts above 0°, which indicates that the phase
margin will be improved in an open loop. Therefore, a can be
regarded as a parameter that can tune the resonant gain and
phase margin of the FOVR controller.

Analysis of the tuning parameters k,, w., and o shows that
the peak gain, bandwidth, and phase margin are regulated more
smoothly with the proposed controller than with the traditional
VR controller. In addition, increasing the order increases the
degrees of freedom of the VR controller, which may improve
the harmonics suppression performance.

C. Design of the PI-FOVR Controller

In this section, the PI controller is designed to obtain a gain
crossover frequency of 250 Hz and a phase margin of 103° in
an open loop (i.e., k, =0.3 and k;= 10). Thus, the PI-FOVR
controller can be expressed as

G (s)pi—rovr= C(s) + G(5)royr

where C(s) = k,, + ki/s, and G (s)rovr = gl

Fig. 4 shows the current control diagram with the Pf FOVR
controller. To reduce current harmonics, the gain of C(s)
and G(s)rovr should be maximized in the frequency band
of interest. With the proposed control method, the transfer

function of the current loop is expressed as
(Grovr(s) + C(s)G ,(s)

(28)

Y(s) = R
O T Grow®) + C6)G, 0 )
(N(5))G ,(5)
29
T Grow® T CONG,0
where N(s) represents the sixth-harmonic disturbance.

G,(s) is the control plant of the current loop, which is
simplified to 1/(Ls + R) [27].

To analyze the effect of G(s)royr on the performance of
the PI-FOVR controller, the steady-state error between the
command and output is defined as

Ai(s) =Y (s) — R(s) = Ei(s) + Es(s)

where Ej(s) = R(s)/T(s), Ea(s) = N(s)G,(s)/T(s),
T(s) = 1 + (Grovr(s) + C(5))G ,(s).

(30)
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The steady-state error is divided into two parts: E|(s) due
to system structure and input signals, and E,(s) due to distur-
bances of the high-frequency current harmonics. When 6w, >>
o and C(w) > G(jw)poygr, then T(s) =1+ C(s)G ,(s) and
E(s) can be expressed as

R(s)s
s+kp(s +k)G,(s)

The following error can be easily minimized by setting
a large integral constant k;. According to the final-value
theorem, this will converge to zero. Therefore, we focused
on the steady-state error caused by harmonics disturbance.

When @ approaches 6wy, G(jw)rgyr > C(w) and T(s)
becomes T'(s) = 1+ G ,(s)Grovr (5)-

E\(s) = €1V

Note that
s a)"\/sin(air)z—f-(l — cos(ar))? B
Is* (o), = — > =wf. (32)
Then, E,(s) can be represented as
(60— )N (j6w,)G \,(j6w),)
E>(s)p1-Fovr ~ np h o (33)

6wy () + 1)k,

According to (33), the steady-state error is inversely pro-
portional to wj, and k.. A larger o and k, result in smaller
steady-state error. However, the influence of the two parame-
ters on the steady-state error is quite different. The fraction
order term a makes the term E,(s)p_rovr decrease exponen-
tially, while &, ! makes E,(s)pi_rovr decrease linearly. Thus,
it is obviously the case that E;(s)pi_povr 1S more sensitive to
o tuning than to k, tuning.

Consider the current loop with the R controller in (23). The
steady-state error E>(s)pi_gr is expressed as

(6cy, —ac)
6a)hk,
According to (33) and (34), the relationship between the

state errors E>(s)pi—rovr and E>(s)pi_r can be expressed as

E>(s)pi—r

(wf +1)°
Based on (35), it can be observed that the VR controller

(e = 1) and FOVR can further reduce the steady-state error

caused by harmonics. In addition, the FOVR controller has

more degrees of freedom in parameter tuning, which can
attenuate the harmonics more effectively.

The open-loop Bode diagrams of the PI controller with the
R, VR, and FOVR controllers are conducted to validate the
performance of the proposed FOVR controller. The parameters
employed in the simulation are set as follows: L= 0.0085 H,
R = 0569 Q,k, = 1,w. = 10 rad/s, and a = 1.2. If the
electrical angular frequency wy, is set as w; = 100 rad/s, then
the resonant frequency wg;, = 600 rad/s can be determined.

It can be observed from Fig. 5 that the resonant gain with
R controller is 12.4 dB, while that with VR and FOVR are
72.6 and 83.4 dB, respectively. Furthermore, the phase margins
with R, VR, and FOVR are 49.4°,91°, and 101°, respectively.
Note that phase margin determines the damping ratio [34].
This simulation shows that the FOVR controller can provide
better harmonics suppression performance compared with the
R and VR controllers.

E>(s)pi—r ~ N(j6w,)G ,(jbw,). (34)

E>(s)pi—FovrR ~ (35)
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Fig. 6. Diagram of Robust-IMC.

D. Design of the Robust-IMC Controller

The Robust-IMC strategy utilizes the controlled plant model
as an explicit part of the controller parameters, which has
the advantages of simplicity and robustness with respect to
parameter mismatching, and it provides the desired transition
response [31], [35], [36]. Hence, the Robust-IMC is adopted as
an auxiliary controller to replace the PI controller. Fig. 6 shows
a diagram of robust Robust-IMC. F(s), C(s), and Cp(s) are
the components of the Robust-IMC to be designed, which will
be detailed later.

According to [35], the IMC filter is given as

24s + 1

_ 36
24245 + 1 (36)

fls) =
where 1 is a time constant of the filter determining robust
performance with respect to parameter mismatching and uncer-
tainty.
Based on the internal model control principle presented
in [31], the Robust-IMC can be obtained as follows:

Goy(s)  (L,s—+ Ry
= - 3
GO = T=6,600 176 7
Ip(s)
= 38
F(s) ) (38)
_ (Lys Ry f(s)  24L, 1 R,
CB(S) = 11— f(s) = 32 (S + ﬂ) (S+L—n) (39)

where L, and R, are the parameters of the nominal model
of the current loop, which can be determined by prior knowl-
edge and experience. fp(s) is a low-pass filter that is used
to improve the tracking performance. G,,(s) is the desired
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transition response, which can be expressed as

Gry(s) = (40)

s+ 1
where 7 is the time constant of G,,(s). When uncertainty and
disturbance are considered, the real dynamic response G,y (s)’
can be represented as follows:

Gry(s) = (1 + (1 = f(s)AG,(5))Gry(5)

+(1 = f()(A = Gry(s))d(s) (41)
where AG,(s) and d(s) denote the respective model uncer-
tainty and disturbance.

To obtain satisfactory robust performance, t should be
chosen such that = > 4 [30]. Then, the high pass filter
(1—f(s)) maintains negative gain in the frequency domain
within the bandwidth of G,,(s). It is not difficult to verify
that (1—£(s))(AG,(s) + d(s)) is closed to zero. Therefore,
the Robust-IMC can still ensure satisfactory robustness when
the uncertainty disturbance occurs.

Based on (36), (37), and (40), C4(s) can be deduced as

2
Cals) =(s +2As+1)(L,s + R,,).

(42)

783

In order to improve the tracking performance of the current
loop, the filter fp(s) is chosen as follows:

As + 1

= . 43

fp(s) SRy (43)

According to (36) and (43), the setting filter F(s) is derived

as

As +1

F(s) = . 44

) =3+ “4)

Combining (39), (42), and (44) and using the inverse
Laplace transform, the Robust-IMC can be written as follows:

t t t
ume = k,,ee(t)—i—kiel/ e(t)dt+k,~€2/ / e(t)dt
0 0 JO

t t t
+k,~e3/ / / e(t)dt—k,yi(t)
0 JO 0
t t t
—kiyl/ i(t)dt—kl-yz/ / i(t)dt
0 0o Jo

where e(t) = irefF(s) - i(l), kpe = (Ln//l)’ kielz(Ln/T)
((2/1) + (Rn/Ln))’ kieZZ(Ln/(T)((l//lz) + (ZRn/Ln/l)),
kies=(Ru/T7%), kpy = (Lu/2), kiyi= Ly((1/4*) + 2R,/
L,1)), and k,-ﬂ:(Rn/iz).

Here, i, is the command current, and i(¢) represents the
feedback. As can be observed from (44), F(s) is a low-pass
filter; hence, if F (s) will asymptotically converge to if, and
e(t) can be considered as

(45)

6([) = iref_i(t)- (46)

As can be observed in (45), the Robust-IMC is a controller
with a number of integral links. To avoid iterated integral

1443
overflow, the following state variables are defined:

‘ .

lrefalkpe

xi1=e(t)x, =/ e(t)ydt——

0 (kior + kiy1)

X3 = /t I:/r e(8)do— brer 1y i|dr— bref 2K py
o LJo kiex + kiyo (kien + kiy2)

t r d ki o
X4 =/ {/ [/ 8(9)d9—imf—y}
o Lo LJo kie3

kiy Ri 030retk py
dS — ives V2Kiy1 iref]dl" . Lref _ O3lrefKpy
k; kie3 kie3

ie3
where a;,y, € R, 0, a3, vy, € N If a1, az,a3,y,, and y,
satisfy the following condition:

o1tortoz=1
nty.=1
alkpe _ kiy2 _ ylkiyl (47)
kiel + kiyl kieS kieZ + kiyZ
akay _ y2kiy1
(kier + kiy2) kie3
We can write
X4 = X3, X3 = X2, X2 = X1. (48)

Then, the control law in (45) can be expressed as

ummc = (kpe+kpy)x1+ (kiet +kiy1) X2 4 (Kiez + kiy2)X3 + kiezxs.
(49)

The mathematical model of the current loop can then be
written as

Li(t) = upjc—Ri. (50)

By combining (48) and (49) and using the fact it = 0,
we can find that

X1 = —1/L[(kpe + kpy + R)x1 + (kie1 + kiy1)

X2+ (kiez + kiy2)x3 + kiezxa].  (51)

Then, the state space equation of the Robust-IMC can be
represented as follows:

x= Ax (52)

where x = [x4,x3,x2,x]7, and A € NR* is a constant
matrix. The elements of A are zero except A(4,1) =
_kie3/L’ A(49 2) = _(kieZ + kiyZ)/La A(4’2) = _(kieZ +
kiy2)/L, A(4,3) = —(kpe + kpy + R)/L, and A(1,2) =
A2,3) = A(3,4) =1.

It is not difficult to verify that the dynamic model in (52)
is stable if A is a Hurwitz matrix, and the current error e(t)
will converge to zero in a finite time.

E. Design of the FOVR-Robust-IMC

According to the analysis in Sections III-B-III-D,
the FOVR-Robust-IMC is proposed in this study. The pro-
posed controller incorporates both FOVR and Robust-IMC,
which can provide satisfactory performances in harmon-
ics suppression and robustness with respect to model mis-
matching and uncertain disturbances. The diagram of the
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Fig. 7.

Diagram of the FOVR-Robust-IMC controller.

FOVR-Robust-IMC is shown in Fig. 7, and the closed-loop
transfer function is expressed as

[Ca(s) + Gpovr ($)1G,(s) F (5)
1+ (C4(s) + Groyr (s) + C5 ()G ,(s)
Gp(s)
1+ (C4(s) + Gpovr (5) + C5 ()G, (s)

i(s) =

iref (S)

+ N(s) (53)

where i (s) and i.(s) denote the transfer functions of i () and
Iref(?) in the s-domain.

The fractional-order term s* in Groyg(s) will bring several
fractional-order poles and zeros [37]. Hence, Grovr(s) can be
rewritten as

n
Grovr(s) = 2k, 0. [ | _ Gris) (54)
i=1
where Gg;(s) is a transfer function containing a zero and a

pole (i.e., (s + z;)/(s + p;)). The poles and zeros in Grovr (s)
are calculated by Outstaloup’s approximation method [37],

except
721 =—R/L, p1=—0+ /02— (6w,)%,
P2 = —w — (/w2 — (6wy)?.

To analyze the stability and robust stability of the pro-
posed FOVR-Robust-IMC, the conditions and their proofs are
detailed in this section.

Theorem 1 (Stability): The proposed FOVR-Robust-IMC is
stable if the following condition is satisfied:
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Proof: According to (53) and (54), the characteristic
polynomial of the current loop is expressed as follows:

L(s) = [1 4 G,(5)(Cals) + Cp(s))]
[1 L 260G, [T Gr(s)
14+ G,(s)(Cals) + Cp(s))
Assume that the constant matrix A represented in
III-D is Hurwitz, and then, C4(s) and Cpg(s) can yield
I + G,(s)(Ca(s) + Cp(s)) stable; ie., the roots of 1 +
G, (s)(C4(s) + Cp(s)) are located in the stability domain
of the s-plane. Thus, the stability with the proposed
FOVR-Robust-IMC is only affected by the following transfer

function:

]. (56)

0(s) 2k, .G, (s) [T, Gri(s)

5) = .
14+ G,(s)(Cals) + Cp(s))
Based on the small-gain theorem [38], the stability condition

for the proposed controller can be represented as

' 2k, .G, (5) [T Gri(s)
14 G, (s)(C(s) + Cp(s))
2k, .G p(s) n
H 1+ G,(5)(Ca(s) + C(5) HOOHHH Gri®) Hoo <
(58)

(57)

o0

According to (57) and (58), (55) can be derived. The proof
is complete.

Theorem 2 (Robust Stability): The control plant can be
denoted as Gp(s) = G,(s)(1 + AG,(s)) considering model
parameter mismatch and uncertainty. AG,(s) is the model
error.

Assume that the control plant G,(s) can be stabilized by
Ca(s), Cp(s), and Gpovr(s), i.e., (55) is satisfied. Thus,
the current loop is robust stability if the following condition
is fulfilled:

|AG, ()], < (59)

1
L(S) -1 Hoo

Proof: The characteristic polynomial with G p(s) s
represented as (60), shown at the bottom of the page, where
0() = (Gps)(Cals) + 2k [T, Grils) +Cp(s))/
1+ Gp(6)(Cals) + 2k, o0 [T, Grils) + Cr(s))).

According to (55), the stability of L(s) can be ensured.
Consequently, to guarantee the robust stability of the current

H Gae(s) - H 1+ G, (s)(Ca(s) + Cp(s)) H (55) loop, (1+Q(s)AG,(s)) should be stable. Based on the small
Pl . 2kr0cG p(s) o gain theorem presented in [38], a sufficient condition for robust
stability can be obtained as follows:
where |-||, denotes the infinite norm. Then, the
FOVR-Robust-IMC is asymptotically stable. H Q(S)AG”(S)HOO = Q(s)”"OHAG”(S)HOO <l (6D
-~ n
L(s) = 1+ Gp6) (1 + AG,(5)) x (Cals) + 2k [ [ Grils) + Ca(s)
= [1+ G, (5)(Cals) + 2k, o, Hi:l Gri(s) + Cp(s))]
x|: T Gp(s)(Cals) + 2k, [Ty Gri(s) + Cp(s)) AG (s)i|
L+ Gp()(Ca(s) + 2kyar [T, Gri(s) + Cp(s)) "
= L(s)(1 + Q(s)AG ,(s)) (60)
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TABLE I
PARAMETERS OF THE PMSM

Symbol Quantity Value

L d—q frame inductance 0.0085 H
R Armature resistance 0.569 Q

P Number of pole pairs 3

f Flux linkage 0.035 Wb

J Inertia 0.0012 kg-m2
Tr Rated torque 10 N'm

Sk Rated speed 250 r/min
Ix Rated current TA
TABLE 11

PARAMETERS OF THE FOVR-ROBUST-IMC

0.0006 0.002 0.0085 0.569 1 10 1.2

It imposes that

’ [ee}

1
* Gp($)(Cals) + 2k [T/ Gri(s) + Cp(s)) HOO
1
- H Gp(s)(CA(S) + 2krwc H?:1 GRi (S) + CB (S))

According to (62), the robust stability condition presented
in (59) can be deduced.

|7
AG,(s)

<

. (62)

IV. SIMULATION AND EXPERIMENTAL VERIFICATION

Simulations and experiments are carried out to verify the
performance of the proposed controller. Table I presents the
parameters of the PMSM, and Table II gives the parameters
of FOVR-Robust-IMC.

A. Simulation Results

The simulation is performed in MATLAB-Simulink. The
switching frequency of the inverter is 10 kHz, and the
voltage of the dc link is 300 V. The PMSM is an ideal
model, and torque ripples caused by current harmonics will
not appear in the simulation. To simulate an actual motor
drive system, the sixth-harmonic component is injected into
the inverter. The overall Simulink control diagram based on
the FOVR-Robust-IMC is shown in Fig. 8. Two simulations
are conducted to validate the proposed FOVR-Robust-IMC.
These simulations focus on the current dynamic response
with parameters’ mismatch and current harmonics suppression
performance.

a) Current Loop Robustness to Parameters’ Mismatch:
In order to equitably evaluate the robustness of the control
strategies, the PI and FOVR-Robust-IMC are tuned to enable
the dynamic response to achieve a transient process with a
preset settling time (in this article, 7 is set as 0.002), and the
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Fig. 8.
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Fig. 9. Current loop dynamic response with a parameter mismatch. (a) Induc-
tance mismatch with L = 3L,,. (b) Resistance mismatch with R = 2R,,.

parameters of the PI controller are set as k,q=k pq:r_lL,,
and k;y= kiqzr_'Rn(where kpq and k,, are the proportional
gains; k;q and k;, are the integral gains). The original track-
ing trajectory will be set as a reference. The robustness
testing simulations are then performed in the current loop
with parameter mismatching. Note that the parameters of the
PI and FOVR-Robust-IMC remain fixed; thus, the tracking
performance is only affected by the variation parameters of
the control plant.

Fig. 9(a) shows the step tracking when an inductance
mismatch occurs under L = 3L,. It can be observed in
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Fig. 10.  Steady-state performance of the PI and PI-VR controllers at the
speed of 50 rpm.

the tracking trajectory (dark trace) of the PI controller that
a large overshoot appears, and a long settling time required
to reach the current command of 0.8 A is shown. How-
ever, the FOVR-Robust-IMC can still provide a satisfactory
dynamic response with a rapid dynamic response without
overshoot (sky blue trace).

Fig. 9(b) demonstrates the dynamic response when resis-
tance mismatches R = 2R,. It can be observed that the
actual current of the PI controller requires a long settling
time to reach the steady state (violet trace). Moreover,
a large steady-state error occurs in the tracking trajectory.
However, the transition process and steady state of the
FOVR-Robust-IMC (sky blue trace) shows minimal change
after parameter variation. These simulation results prove
that the proposed FOVR-Robust-IMC is robust to parameter
mismatching.

b) Current Harmonics Suppression Performance Evalu-
ation in a Steady State: To verify the correctness of the
proposed controller, the current controller is a pure PI or
Robust-IMC at 0-0.5s. At 0.5 s, the VR or FOVR controller is
enabled and employed in the current loop. These simulations
test at low and high speeds of 50 and 200 rpm, respec-
tively, to focus on the current and speed of the steady-state
performance.

Figs. 10-12 show the steady-state performance under dif-
ferent control methods with a speed command w,, of 50 rpm.
When the speed command is set to w,, the corresponding
electrical angular velocity is w, = 27 pw,,/60. Thus, the center
frequency of the FOVR controller can be determined.

It can be observed from Fig. 10 that the phase current
shows some distortion with the fifth and seventh harmonics
when the PI control method is used independently. The fast
Fourier transform (FFT) analysis using MATLAB shows that
the total harmonic distortion (THD) in the three-phase current
reaches 6.75%. The steady-state error for the g-axis current
fluctuates with sixth harmonics. The speed loop ripple also
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Fig. 12.  Steady-state performance of the Robust-IMC and FOVR-Robust-
IMC controllers at the speed of 50 rpm.

shows sixth harmonics with the amplitude of 0.25 rpm. The
VR controller is enabled for the current loop at 0.5 s. It is
evident that the VR controller output is a sixth-harmonic
component that can compensate for the phase current with
fifth and seventh harmonics. Meanwhile, the amplitude of the
sixth harmonics in the speed loop is reduced to 0.053 rpm.
However, the phase current /. after compensation still shows
some distortion with a THD of 1.78%.

Fig. 11 illustrates the steady-state performance of the
PI-FOVR controller. The THD calculated by FFT is reduced to
1.65%. In addition, the speed ripple is decreased to 0.049 rpm.
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TABLE III
SIMULATION RESULTS UNDER THE OPERATION OF LOW SPEED

PI- Robust- FOVR-
PI PI-VR FOVR IMC Robust-IMC
control  control
control control control
THD
(%) 6.75 1.78 1.65 3.98 0.85
Speed
tracking 0.25 0.053 0.049 0.14 0.031
error
(r/min)
TABLE IV

SIMULATION RESULTS UNDER THE OPERATION OF HIGH SPEED

PI- Robust- FOVR-

fimml E(I)'n‘gl FOVR IMC Robust-IMC

control control control
THD

%) 8.03 2.12 1.98 423 1.02
Speed

tracking - 5 0.0498  0.0487 0.11 0.02
error
(r/min)

The steady-state error of the g-axis current is also effectively
eliminated. By comparing the steady-state behavior of the
PI-VR controller and the PI-FOVR controller, we find that
the PI-FOVR controller can further reduce the g-axis current
and speed steady-state error caused by current harmonics.

Fig. 12 demonstrates steady-state performance with the
pure Robust-IMC controller (0-0.5 s) and the proposed
FOVR-Robust-IMC controller (0.5-1 s). When the g-axis
current is independently regulated with Robust-IMC, the phase
current has a THD of 3.98%, and the sixth harmonics with
an amplitude of 0.14 rpm occurs in the speed. Although the
current harmonics with Robust-IMC is decreased by 41%
compared with the PI controller, the harmonic component
is still large. When the FOVR-Robust-IMC is utilized in
the current loop, the THD is decreased to 0.85%, and the
steady-state error of the g-axis current is also effectively
eliminated. The steady-state speed error remains at 0.031 rpm.
These results suggest that the proposed controller can achieve
satisfactory current harmonics suppression at low speeds. The
simulation results under the low-speed operation are shown
in Table III.

Figs. 13—15 show the steady-state performance of the above
controllers at a high speed (200 rpm). When the PI controller
is employed independently, the phase current has a THD
of 8.03%, and the speed ripple with sixth harmonics was
0.26 rpm. As shown in Table IV, after the VR and FOVR
controllers are each enabled, the THD percentage of phase
current harmonics are reduced to 2.12% and 1.98%, and the
speed ripples decrease to 0.0498 and 0.0487 rpm, respectively.
By comparing the steady-state performances between the
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Fig. 14. Steady-state performance of the PI and PI-FOVR controllers at the
speed of 200 rpm.

VR and FOVR controllers, we find that the FOVR controller
has better harmonics suppression performance. Furthermore,
when the Robust-IMC is utilized in the current loop, the THD
is 4.23%, and the speed steady-state error is 0.11 rpm. By com-
paring the simulation results with those of the PI controller,
it is clearly observed that the Robust-IMC is more suitable
as the auxiliary controller than the PI controller. After the
FOVR controller is enabled in the current loop, the THD is
further decreased to 1.02%, and the speed steady-state error
is maintained at 0.02 rpm. According to the above analysis,
it can be observed the combination of FOVR and Robust-IMC
provides better harmonics suppression performance than PI,
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FOVR-Robust-IMC controllers at the speed of 200 rpm.

PI-VR, PI-FOVR, and pure Robust-IMC control methods
under the operation of high speeds. The simulation results are
listed in Tables III and IV.

c¢) Current Harmonics Suppression Performance Evalua-
tion During the Transition Period: The harmonics suppres-
sion performance evaluation of our control method during
the transition period is conducted. When the motor runs in
the steady state, a sudden load with the value of 0.5 N.m
acts on the motor at 5 s. The data from the transition
period of 5-5.4 s are used to analyze the THD values.
It can be observed in Fig. 16 that the PI-FOVR con-
troller improves the current quality, and the torque ripple is
decreased. When the FOVR-Robust-IMC controller is used,
the current quality is further enhanced. The THDs of PI,
PI-FOVR, and FOVR-Robust-IMC are 10.16%, 6.85%, and
5.72%, respectively. The simulation demonstrates that the
FOVR-Robust-IMC can maintain better performance in torque
ripple minimization during the transition period compared to
the PI and PI-FOVR methods.

Fig. 17 shows the current waveforms with parameter mis-
matching. It is determined that the current distortion with
PI and PI-FOVR is further distorted. The THDs with the
two control methods are 10.78% and 12.93%, respectively.
By contrast, the THD of our method is only 5.97%. It is
apparent that the proposed FOVR-Robust-IMC controller can
guarantee better harmonics suppression performance under the
condition of parameter mismatching.

B. Experimental Results

The proposed FOVR-Robust-IMC is tested on the drive
setup of a TMS320F28335 digital signal processor (DSP)
and EP3C40F324 field-programmable gate array (FPGA).
Fig. 18 illustrates the overall experimental platform of the
PMSM system, and a photograph of the experimental plat-
form is shown in Fig. 19. The experimental motor adopts a
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Fig. 16. Phase current and g-axis current waveforms under the sudden load
condition. (a) With the PI controller. (b) With the PI-FOVR controller. (c) With
our method.

surface-mounted structure (delta-connected stator windings).
Table I lists the motor parameters. An FPGA is used for A/D
conversion, encoder reading, speed detection, and generation
of insulated-gate bipolar transistor gate-switching signals. The
DSP is a 32-bit floating-point microcontroller to ensure fast
computation. The sampling frequencies of the velocity and
current loops are 1 and 10 kHz, respectively. The experiments
are performed to validate the effectiveness of the proposed
FOVR-Robust-IMC.

1) Current Dynamic Behavior Evaluation: In this exper-
iment, the current command value iges is changed from
0 to 0.6 A, and the d-axis current is maintained at 0 A.
Fig. 20 depicts the results of the step response of the
d—g-axis current under the PI and FOVR-Robust-IMC control
algorithms. Fig. 20(a) shows the current response of the PI
controller. It is clearly observed that overshooting occurs in
the transition process, which results in a large settling time
required to reach the steady state. Fig. 20(b) demonstrates
the current dynamic response with FOVR-Robust-IMC. It is
observed that the FOVR-Robust-IMC can ensure a faster
dynamic response to reach the steady state. Second, the over-
shoot is obviously less compared to that of the PI controller.
Therefore, the control method of using FOVR-Robust-IMC
can guarantee a faster tracking speed in the transition process.

Note that the actual inductance and resistance parameters
of a motor cannot be changed randomly. Therefore, the robust
test experiment is performed by changing the parameters of the
FOVR-Robust-IMC. Fig. 20(c) shows the dynamic response
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Fig. 17. Phase current and g-axis current waveforms under the sudden load
condition with a parameter mismatch of L = 3L, and R = 2R,. (a) With
the PI controller. (b) With the PI-FOVR controller. (c) With our method.
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Fig. 18. Structural diagram of the PMSM servo system.

with the proposed controller when parameters’ mismatch
(L =3L,, R =2R,). Itis evident that the proposed controller
can still provide the desired transition process with only a
small overshoot and a fast dynamic response in such a case.
Hence, we can conclude that the proposed FOVR-Robust-IMC
has strong robustness to parameter mismatching.

d) Harmonics Suppression Performance Evaluation of
the Proposed Controller: Experiments are conducted to ade-
quately validate the effectiveness of the FOVR-Robust-IMC
method in terms of harmonics attenuation under low- and
high-speed conditions. The pure PI controller is applied to
obtain the original torque ripple situation of the PMSM control
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Fig. 20.  Experimental results at step signal of iger with amplitude from
0 to 6 A. (a) Current step response with the PI controller. (b) Current
step response with FOVR-Robust-IMC. (c) Current step response with
FOVR-Robust-IMC controller when parameter mismatch L = 3L, ,R = 2R,,.

system without compensation. The VR controller and the
proposed FOVR controller are enabled at 6 s. In order to
evaluate the result of the proposed method at minimizing
torque ripples, the ratio of the average actual speed to the
speed command is used as an index of the steady-state speed
tracking performance, i.e., SRF = S,;/S.,. The THD of the
phase current 7, is employed to evaluate the current distortion
caused by harmonics.

Fig. 21 shows the actual steady-state behavior of the PMSM
without and with the VR controller at a low speed (50 rpm).
The quality of the current waveform [/, is deteriorated by
the fifth- and seventh-order harmonics at 5.6—6 s. I, without
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Fig. 21. Experimental results for the steady-state performance with PI and
PI-VR controllers at a speed command of 50 rpm.
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Fig. 22. Experimental results for the steady-state performance with the PI
and PI-FOVR controllers at a speed command of 50 rpm.

compensation of the VR controller has a THD of 8.23%.
Meanwhile, the current /, and speed tracking show some
fluctuation. The SRF is 1.64% for this speed. When the
VR controller is enabled at 6 s, I,, I,, and speed tracking
are notably improved. The THD decreases by 68.89%, from
8.23% to 2.56%. In addition, the SRF decreases to 1.52%.
As can be observed from Fig. 22, the FOVR controller
can further reduce the distortions of the phase currents I,
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Fig. 23.  Experimental results for the steady-state performance with the
Robust-IMC and FOVR-Robust-IMC at a speed command of 50 rpm.

and [,. With the FOVR controller, the THD reduces to
2.17%, and the corresponding SRF decreases to 1.47%. These
results show that the FOVR controller can provide better
harmonic suppression than the pure PI control strategy and
the VR controller at low speeds.

Fig. 23 depicts the steady-state performance of the pure
Robust-IMC and FOVR-Robust-IMC. When the Robust-IMC
controller is used alone, the THD and SRF are 6.83% and
1.61%, respectively. After the FOVR controller is enabled
at 5.6 s, the THD and SRF decrease to 1.86% and 1.42%,
respectively. These experimental results demonstrate that the
proposed FOVR-Robust-IMC can provide better harmonics
suppressing performance than the other controllers mentioned
in this article under the low-speed operation.

Figs. 24-26 show the actual performance at a speed com-
mand of 200 rpm. According to Fig. 24, the THD and SRF of
the PI control method are 10.84% and 3.35%, respectively.
When the VR controller is enabled, the THD and SRF
reduce to 3.61% and 3.12%. Fig. 25 shows the experimental
results for the PI-FOVR controller. For the phase current
and speed, the THD and SRF become 2.26% and 3.05%,
respectively. These results show that the FOVR controller
effectively suppresses harmonics at high speeds. It is evident
in Fig. 26 that the THDs of the pure Robust-IMC and the
proposed FOVR-Robust-IMC are 8.96% and 1.76%, and the
corresponding SRFs are 3.18% and 2.55%, respectively.

According to the experimental analysis, it is clearly
observed that the FOVR-Robust-IMC can maintain satisfactory
harmonics suppression at low and high speeds. Tables V
and VI present the experimental results under different oper-
ation conditions.

e) Current Harmonics Suppression Performance Eval-
uation During the Transition Period: Fig. 27 presents the
experimental results of the harmonics suppression performance
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Fig. 25. Experimental results for the steady-state performance with the PI

and PI-FOVR controller at a speed command of 200 rpm.

during the transition period. Fig. 27(a) shows the phase current
1, and g-axis current with the PI controller. It can be observed
that a large ripple occurs in the currents, and the THD of I, is
11.86%. As can be seen from Fig. 27(b), the current quality
is improved when PI-FOVR controller is used in current loop,
and the THD value is decreased to 8.41%. Fig. 27(c) depicts
the current waveforms with the proposed FOVR-Robust-IMC.
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TABLE V
EXPERIMENTAL RESULTS UNDER THE OPERATION OF LOW SPEED

Robust- FOVR-
PI PI-VR PI-FOVR IMC Robust-IMC
control  control control
control control
THD
%) 8.23 2.56 2.17 6.83 1.86
SRF
%) 1.64 1.52 1.47 1.61 1.42
TABLE VI

EXPERIMENTAL RESULTS UNDER THE OPERATION OF HIGH SPEED

Robust- FOVR-
PI PI-VR PI-FOVR IMC Robust-IMC
control  control control
control control
THD
%) 10.84 3.61 2.26 8.96 1.76
SRF
%) 3.35 3.12 3.05 3.18 2.55

It is apparent that the currents are further enhanced, and
the THD is decreased to 6.85%. The harmonics suppression
performance of our method during the period with parameters’
mismatch of L = 3L, and R = 2R,, is shown in Fig. 27(d).
It can be seen that the currents quality is decreased in
some degree compared with FOVR-Robust-IMC (L = L, and
R = R,), and the corresponding THD is 7.22%. However,
it still performs better harmonics suppression performance
than PI and PI-FOVR controllers. The experimental results
show that the proposed controller can guarantee satisfac-
tory harmonics suppression performance during the transition
period although the parameters of the motors change.
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Fig. 27. Experimental results of phase current and g-axis current waveforms
under the sudden load condition. (a) With the PI controller. (b) With
the PI-FOVR controller. (¢) Our method with the parameter of L = L,
and R = R,. (d) Our method with a parameter mismatch of L = 3L, and
R =2R,.

6

V. CONCLUSION

In this study, a novel FOVR-Robust-IMC was developed
by combining a designed FOVR controller and Robust-IMC.
Compared to the VR controller, the designed FOVR con-
troller provides a larger phase margin while maintaining a
higher gain, which can further minimize the steady-state error
caused by current harmonics. The Robust-IMC is designed to
achieve robustness with respect to parameter mismatching and
to obtain the desired tracking trajectory. The multicondition
simulation and experimental results showed that the proposed
FOVR-Robust-IMC provides better harmonics suppression
than the PI, Robust-IMC, PIR, and PI-FOVR controllers. The
main contributions of this article are as follows.

1) A review of resonant controllers is given, followed by

the details of the FOVR controller designed in this study.
The proposed FOVR controller is shown to improve
harmonics suppression performance compared to the
VR controller.

2) Based on a combination of the proposed FOVR con-
troller and the Robust-IMC, a new FOVR-Robust-IMC
control strategy is developed to suppress the current
harmonics, improve the robustness to parameter mis-
matching, and obtain the desired dynamic response. The
distinct properties of stability and robust stability are
analyzed based on the small gain theorem.

3) The harmonics suppression and robustness performance
of the proposed FOVR-Robust-IMC are verified through
simulations and experiments.
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