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ABSTRACT Sophisticated torque-current control is required in inertial load-drive applications, such as
in electric vehicles and electric railway vehicles, over a wide speed range. However, the conventional
indirect-field-orientation control (FOC) lacks the current response during the transient response because the
conventional feedforward slip-angular-frequency control causes secondary flux fluctuation. Therefore, this
article proposes FOC with first-order-delay slip-angular-frequency control, which reduces the secondary flux
fluctuation and realizes high-performance torque-current control during transient response. The proposed
method was verified through numerical simulation and small-scale model experiments with a 750 W
induction motor and an inertial load.

INDEX TERMS Induction motors (IMs), motor drives, variable speed drives.

NOMENCLATURE

M Induction motor.

FOC Field-orientation-control.

DFOC Direct-field-orientation-control.
IFOC Indirect-field-orientation-control.

P Differential operator.

Ry Primary resistance.

Ly Primary self-inductance.

R Secondary resistance.

L Secondary self-inductance.

M Mutual inductance.

oL Primary leakage inductance in FOC.
b Secondary time constant.

T Time constant of FOC.

1 f‘d, Ii"q d- and g-axis current command.

ha, Iy d- and g-axis current.

®yq, ®yy d- and g-axis secondary flux.

Iy Iyp  First-order-delay-filtered d- and g-axis current

160

command.

X14, X14  Integral value of d- and g-axis current deviation.
¥ Slip-angular-frequency command.

w1 Primary angular frequency command.

Wy Secondary angular frequency command.

I. INTRODUCTION

Field-orientation control (FOC) for an induction motor (IM)
is a technology that realizes independent control of excitation
and torque currents and a high torque performance by control-
ling the phase angle of the secondary flux [1], [2], [3]. Speed
control is not employed, but torque (torque-current) control
is employed for inertial load-drive applications, such as elec-
tric vehicles and electric railway vehicles. High-performance
first-order-delay torque-current control is desirable for inertial
load-drive applications over a wide speed range. However,
an overshoot of the torque current may occur owing to the
transient coupling of the secondary flux during the step re-
sponse of the torque current in the FOC. This article proposes
a method to realize sophisticated torque-current control by
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reducing the transient fluctuation of the secondary flux and
the overshoot of the torque current with a simple controller
configuration.

Direct FOC (DFOC) realizes current control by utilizing
direct sensing of the air-gap flux [4], [5], [6]. However, DFOC
requires sensors for flux measurement or observers/estimators
for flux estimation [7], [8], [9], [10]. However, the controller
configuration is complex.

In indirect FOC (IFOC), the phase angle of the secondary
flux is controlled by an appropriate slip-angular-frequency
command based on the motor parameters and current com-
mands; therefore, sensors for flux measurement and estima-
tors for flux estimation are unnecessary [1], [2], [3]. However,
transient misalignment cannot be compensated for because
the secondary flux is controlled by feedforward control. The
slip-angular-frequency command o} is given by

RoI},
wf = —1 (1
Loliypy
1
Bar2 = T3l @)

where Ry, L, If‘q, Il*d ro 12, and 1 1*d represent the secondary
resistance, secondary self-inductance, the g-axis current com-
mand, filtered value of the d-axis current command, secondary
time constant, and d-axis current command, respectively. In
the torque control system, the slip-angular-frequency com-
mand changes steeply according to (1), when the torque-
current command is input. The g-axis secondary flux derived
from the voltage equations of the IM, represented in a rotat-
ing d- and g-axis reference frame with the primary angular
frequency, is expressed as follows:

ot —ha + (s + 82 ) g

Dy L

3)

2
2 Ry Ry *2
2+ 225+ 33 + o}

where M, Iz, and I, represent the mutual inductance,
d-axis current, and g-axis current, respectively. When the
slip-angular-frequency command changes steeply, the g-axis
secondary flux fluctuates transiently, and the coupling of the
secondary flux occurs [11], [12]. Various control applications,
such as autodisturbance-rejection control [13], morel refer-
ence adaptive system [14], sliding-mode control [14], [15],
and neural networks [16], [17], [18], have been proposed
to improve the current response. These advanced controllers
can reduce the current overshoot by its higher disturbance-
rejection capacity. However, the controller configuration is
complex, and the controller has many adjustment parameters.

A proportional-integral (PI) current controller is easy to
implement because of its simple configuration [19], [20], [21].
However, the PI current controller cannot compensate for the
coupling of the secondary flux; thus, it lacks a transient cur-
rent response [22]. A decoupling control improves a current
control performance [23]. Decoupling between the d- and
g-axis of the primary side of the IM makes the torque-current
response better [24], [25], [26], [27]. However, the secondary
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flux fluctuation occurs; the torque response degrades when the
slip-angular-frequency command changes steeply. Previous
studies have focused on the primary side of IMs. Thus, the
investigations focusing on the secondary flux response during
transient response are insufficient.

In this article, a control method with a simple configu-
ration that realizes sophisticated torque-current control over
a wide speed range is proposed. In the proposed method, a
first-order-delay filter is added to the slip-angular-frequency
controller to reduce the transient fluctuation of the g-axis sec-
ondary flux and overshoot of the torque current. The proposed
first-order-delay slip-angular-frequency control reduces the
transient fluctuation of the g-axis secondary flux and realizes
sophisticated torque—current control even during transient re-
sponse. Therefore, the proposed method makes the controller
configuration simple because an additional decoupling con-
troller is not required.

The rest of this article is organized as follows. Section II de-
rives the analytical models of the conventional and proposed
IFOC systems. Because the magnitude of the IM transfer
function changes with the capacity of the IM, an investiga-
tion was conducted for both small-capacity and high-capacity
motors. The analysis and numerical simulations with a 750 W
IM are presented in Section III. The experimental results with
a 750 W IM and inertial load are presented in Section IV. The
validity of the analytical model is confirmed by simulation and
experiments in Sections IIT and IV. Assuming electric railway
vehicle applications, a 150 kW IM model is used for analysis
and numerical simulation in Section V. Finally, Section VI
concludes this article.

II. ANALYSIS MODEL OF THE CONVENTIONAL AND
PROPOSED CONTROL SYSTEMS
A. MODELING OF THE CONVENTIONAL IFOC
Fig. 1 shows the FOC system of IMs, where Ry, L1, oL, @3y,
w;, 01, Vl*d, Vf';], K,, K;, and T; represent the primary resis-
tance, primary self-inductance, primary leakage inductance,
secondary angular frequency, primary angular frequency,
d-axis secondary flux, d-axis voltage command, g-axis voltage
command, proportional gain, integral gain, and time constant
of the current control, respectively; Ry, (0 L), Los, and M
represent the set values of the motor parameters in the current
controller.

The primary angular frequency is expressed as follows:

0] = Wy + o). 4)

The slip-angular-frequency command is defined again as
Ry I
w, = " lg

s T *
Losliyry

®)

where Ry, represents the set value of the secondary resistance
of the current controller. The PI current-controller gains are
expressed as follows:

_ (oLy),

K

(6)
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FIGURE 1. Configuration of the IFOC system of IM.
K — Ris 7 ha Via
i = (N
Ty Ilq 1 qu
x +— . )
Doy oL | O
The voltage equations of the IM represented in a rotating Doy 0

d- and g-axis reference frame with primary angular frequency

are expressed as follows:

R+ poly —wiol

p(#) o ()

®)

“2:' B w10l R+ poly w (2/1—2) p (2/[—2)
8 B —R; (LMz) 0 p+ IZ—; -}
0 “R> (LMZ) ? +8

ild

x q;zqd

Doy

The state equations derived from

(8) are presented as

_ R R(-0)
Ild ol oly @1
7 o _R_R-0)
o e | = 1 oL, oLy 4
- M
Doy Ry
(02 M
q Ry 7
0 27,
RoM M
oLiL? Oroi;
w1 RoM
* "oLiLy oLiL?
L2 152‘
—m* 2
Wy i
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The d- and g-axis voltage commands are expressed as

i = Kp (Ify — ha) + KiXia + Riliyp — 010 Lil{ . (10)

f; =K, (ITq - Ilq) + KiXiq + Rlll*qF

* M2 yx
+ wioLil{;p + i Hllsz

(1)

where the d- and g-axis integrator models are expressed as
follows:
I5,—1
Xjg = 14— ld (12)
Il*q_llq

X,y = dcle, (13)

N

The d- and g-axis filtered value of current commands are
expressed as follows:

* _ 1 *
1dF = THsTy'1d (14)

* 1 *
I]qF T 1+sTy g 15)
The state equations of the IM linearized near the operation

point (Iiqo, T1q0, P20, P20, 100 Ligror Lapaor @10: @r0,
@l 10 Il*qo) based on (4)—(9) are presented as follows:

_R_ R(-0)
81y ol oly @10
_ _ R _ R(-0)
3l R“)A}IO oL oly
s| 8Py | = —Zz 0 *

anZq 0 RoM
51* L

1dF2 0 0
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RoM w,oM _RZ.v[ikq()IlqO Sy] = C(S)C] (23)
(TL]L% oLiL, szll*dFZ()
woM RM_ Raslfhao Sxy = [8liq S8hy 8P 8DPay 6Xig 8Xig %
olLiL, 0L|L% LZSITdFZO
¥ R v Raslipn®20 8, . O8IF . OIF (24)
i o o Ilg)m 1dF °1gF ldFZ]
R Rl 0 P2d0 SIF
00 L Inlia Suy = [ 1;1} . (25)
1F 31y
0 0 —7 4
2 -
- 1
8liq oL ? System matrix A; and input matrix B are quite complex;
811y 0 oL | [sViy therefore, A| and B; are shown in Appendix Al.
X[ 8Py [+ 0 0 5V,
3Dag 0 0 !
|81 0 0 B. PROPOSED SLIP-ANGULAR-FREQUENCY
- Rasligo 7 FIRST-ORDER-DELAY CONTROL
IZN I The Taylor expansion of (3) with respect to w near (140, 1140,
_ﬁ - w,) is expressed as
+0 P [ 5 ,Ld} (16)
25814720 g RoM
25240 Dy, = — 2%
| LosIiyrag g Ly
7 0 | <s + 2R2s -|- Toz) Liao + 20}, (s + f—;) Tgo
%
where § represents the infinitesimal displacement and the 2R 2 @s-
secondary angular frequency is assumed to be constant. The (52 + 2 + + Wy >

transfer functions of the current controller based on (2),
(4)—(7), and (10)—(15) are expressed as follows:

|:5V1di| _ |:C11 (s) Clz(s)} [Ml*d]
(Squ o G (s) Cna(s) 811*11

-k, - & 0 8y
1 R | )
K; Ry, (o L)gRosI gl
Cii (s) = Kp"‘ B + Ls + . $TH4571gF07 140 (18)
) 14 5Ty L2511dF20(1 + sT5)
R> I
w10 2st14r0
Ciz (8) = =L | § + —2 (19)
+5Ta Lasliypog
wio(o L)y
C = —
21 () 15Ty
1 a)l()M2 Rl 0 MZI*
+ s _ q (UL] )SIIdeO_i_ 1dF20
1+ ST2 L2s L2SI1dF20 L2s
(20)
Cn () = K, + N _Ks
s —
22 1557,
Ros M1 a0
= (oL} + —]. 21
LasI a0 ( S Lo

The state equations of the conventional IFOC system lin-
earized near the operation point (1140, IlqO’ D740, (ng(), X140,
X140, Bgror Tigror Tarao @10, @0, @3, Iiy0, Ii,0) based on
(2) and (4)- (15) are expressed as follows:

8x1 = A16x1 + Biduy 22)
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(26)
Therefore, @y, is a second-order-delay system with respect
to the input ;. The undershoot of ®;, and misalignment
of the secondary flux occur when the slip-angular-frequency
command changes according to (5). In this study, a method
that reduces the high-frequency components of the slip-
angular frequency to reduce the fluctuation of ®;, is pro-
posed.
The proposed first-order-delay-controlled slip-angular-
frequency command is presented as

Ry I
oF = 2l 27)
Losliypy
I,
I, o=—21 28
1gF's 1+ 5Ty, (28)

In the proposed method, a first-order-delay filter is added
to the slip-angular-frequency controller to reduce the abrupt
change in the slip-angular frequency when the g-axis current
command is input. The transient fluctuation of the g-axis sec-
ondary flux is reduced and the FOC is realized even during
the transient response. Although a high-order-delay filter is
assumed, a first-order-delay filter is used to reduce the number
of tuning parameters in this study.

C. MODELING OF THE PROPOSED IFOC
The state equations of the IM linearized near the operation

point (1140, Tig0, P240, P2q0: Iiypor 1iyror arao Ligrsor @10
0, @3, 1400 I;“qo) in the proposed method based on (2), (4),
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9), (27), and (28) are expressed as follows: TABLE 1. Configuration of the IM With Inertia Used for the Experimental

Verification
r Ry Ry(1—0)
8ha oL T T oh @10
Rl Rz(l—U) .
3liq —w10 oL T ol Symbol Quantity Value
d RoM
82 = L, 0 * R, Primary resistance 380
8 CDZ(I 0 RZ—M Ly Primary self-inductance 112 mH
815 15 0 02 R, Secondary resistance 2070
S 1;" 7 L, Secondary self-inductance 123 mH
ars L 0 0 M Mutual inductance 100 mH
N oL, Primary leakage inductance 31.4 mH
RoM woM R2-f1|qfso’1q0 RZ.&f]q() in FOC
oLy L% olily Lisl 1dF20 LasIiyra0 - Rated output 750 W
_ woM RoM RZslqusolldO _ _Roshao - Poles 8
oLily oLL3 LosI{y 1o LosI{ypag - Rated voltage 200 V
Ry % Rosl p 50 P20 Ro®240 - Rated frequency 50 Hz
* L @so LosTiyra0 LosTiyp00 - Rated current 4.80 A
o R RosI} 0 @240 _ Ryy®ago - Rated.spee.d 700 r/min
) L Lzsll*le20 Losl a0 - Total inertia 0.79 kg - m?
0 0 -7
0 0 0 T R M1
N J
2s * s "1dF?20
_ 1 + (oL)sdiypo + ———|. (34
g?d oL (1) L2s11*dF20 (1 + sTys) ( Loy
1 0 — . A
s q)zqd 0 o 61 Vig The state equations of the proposed IFOC system linearized
X 5®2, + 0 0 |: Vi, ] near the operation point ({140, 1140, P240, P240, X140, X140,
k * *k * k *k *
81 0 0 Laro ligro: Narao Tigrso: @10, @10, @5, Tig. Iiy0) based on
s (2), (4), (9)—(15), (27), and (28) are given as follows:
L 1gF's 0 0
-0 0 80Xy = A28x2 + Baduy 35)
0 0 2 =Cx (36)
0 0 81
+ 0 0 |: Sll*d ] . (29) 5)62 = [ 511d 511q (Sszd <S<I>zq 3X1d 5X1q *
lg
1 * * * * T
T (1) * 0lfyp Oy SLiypy Oliypg | (37)
0 7
- ds SI*
. . dur = | ¢ Il*d (38)
The transfer functions of the current controller in the pro- lq

posed method based on (2), (4), (10)—(15), (27), and (28) are
expressed as follows:

[ Via ] _ [ Cl (s) Cjy(s) } [ 51, ]
Vi Gy (s) Ch(s) || 8L,

System matrix A, and input matrix B, are quite complex;
therefore, A, and B, are shown in Appendix A2.

IIl. ANALYSIS AND VERIFICATION OF THE
CONVENTIONAL AND PROPOSED CONTROL SYSTEM

—K, - & 0 shy 10, WITHA 750 WiM
+ 0 —K, — K 8hy (0) A. ANALYSIS OF THE CONVENTIONAL AND PROPOSED
N
IFOC
* *
ClL ) = Ky + E n Ry (0L1)sRos 1 1g0ligrs0 The conventional and proposed IFOC systems were analyzed
Pls L sTy o Lodfypay (1+sTh) based on the analytical models derived in Section II. Table 1

€2y

summarizes the IFOC of a 750 W IM. Table 2 lists the
operational points of the analysis. The target time constant

Cl, (s) = —(oLy); { @10 stquFO } (32) Ty of the IFOC is assumed to be 10 ms in this study. In this
L+sTy  Logliypog (1 + sTuy) section, the time constant Ty, of the proposed slip-angular-
w10(0Ly) 1 frequency first-order-delay controller is equivalent to 7,;. The
Chy (s) = g determination method for 7, is discussed in Section III-B.
14 5Ty 1451,

Fig. 2 shows the closed-loop transfer function between 61 l*q

wiM;  Rosligry (LT e + M2IE 0 . and 8114 in the conventional and proposed IFOC systems ac-
o Il Dshiaro —Lzs cording to .(22)—(25) and (35)—(38) when the primary angular
14F20 frequency is 250 rad/s. In a conventional IFOC system, the

, K; Ry magnitude of the transfer function is relatively large and is
G () =K, + 5 + 1+ 5Ty a second-order system. Therefore, an overshoot of the g-axis
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TABLE 2. Operation Point for the Analysis

Symbol Quantity Value
Ligo d-axis current 4A
Liqo q-axis current 5TA
Dyq0 d-axis secondary flux 0.4 Wb
D90 qg-axis secondary flux 0 Wb
Xido Integral value of d-axis 0As

current deviation
X1do Integral value of g-axis 0A-s
current deviation
I aro First-order-delay-filtered d- 4A
axis current command
L qro First-order-delay-filtered q- 57A
axis current command
I 4r20 First-order-delay-filtered d- 4A
axis current command
L grso First-order-delay-filtered q- 57A
axis current command
a0 d-axis current command 4A
Iiqo g-axis current command 5TA
W3 Slip-angular-frequency 24 rad/s
command
wqg Primary angular frequency —rad/s
W Secondary angular frequency —rad/s
(W = W19 — W)
5
Conventional
0 Proposed 1
5k
~-10
=}
=
2 -15 1
£
20
o0
<
= o5t
-30
35+
-40 1 L 1 L
107! 10° 10! 10 10° 10*

Frequency (rad/s)

FIGURE 2. Bode plot of the closed-loop transfer function between L, and
hg (@10 = 250 (rad/s)).

current is expected in the step response. In the proposed IFOC
system, the magnitude of the transfer function is -3 dB at
100 rad/s, and the maximum value is O dB. Therefore, the
proposed IFOC system is expected to be a first-order-delay
system of 100 rad/s. Fig. 3 shows the closed-loop transfer
function between §I}, and §®», in the conventional and pro-
posed IFOC systems according to (22)—(25) and (35)-(38),
when the primary angular frequency is 250 rad/s. Compared
with the conventional IFOC system, the proposed IFOC sys-
tem reduces the g-axis secondary flux fluctuation because of
the first-order-delay slip-angular-frequency control.

Fig. 4 shows the closed-loop transfer function between §1 1*q
and &1y, in the conventional and proposed IFOC systems ac-
cording to (22)—(25) and (35)—(38), when the primary angular

VOLUME 4, 2023
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FIGURE 3. Bode plot of the closed-loop transfer function between L, and
@24 (w10 = 250 (rad/s)).
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Conventional
Proposed 1

-20

Magnitude (dB)
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-30

S35

40 | ! ! !
107! 10° 10 102 103 104
Frequency (rad/s)

FIGURE 4. Bode plot of the closed-loop transfer function between /;; and
hgq (010 = 50 (rad/s)).

frequency is 50 rad/s. In a conventional IFOC system, the
magnitude of the transfer function is relatively larger than that
of the proposed method, but the peak magnitude is lower than
the case of 250 rad/s. In the low-speed region, the response of
the conventional IFOC system is expected to be similar to that
of the first-order-delay system. Fig. 5 shows the bode plots of
the conventional IFOC system. The bode plots of the current
controller are based on the transfer function between 8/, and
SVl*q according to (16). The bode plots of the IM plant model
are based on the transfer function between SVI’; and 614
according to (21). The open-loop transfer function between
61{; and 81y, is based on (22)—(25). The peak magnitude of
the IM plant causes the magnitude of the control system to be
high in the high-frequency region when the primary angular
frequency is high. Therefore, the magnitude of the closed-loop
transfer function of the IFOC system tends to increase near the
cutoff frequency when the primary angular frequency is high.
This tendency is more noticeable in the case of large-capacity
IMs, as shown in Section V, because the inductance of a
large-capacity IM is small; and the peak magnitude of the IM
plant is larger than that shown in Fig. 5.
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FIGURE 5. Bode plot of the transfer function of the conventional IFOC.
(a) w10 = 50 rad/s. (b) w10 = 250 rad/s.

B. DETERMINATION OF THE TIME CONSTANT T, IN THE
SLIP-ANGULAR-FREQUENCY FIRST-ORDER-DELAY
CONTROLLER

Fig. 6 shows the closed-loop transfer function of the proposed
IFOC when the primary angular frequency is 250 rad/s and
T, changes.

In the case of a small time constant Ty, the sensitivity of
the g-axis secondary flux with respect to the torque-current
command increases because the suppression effect of the slip-
angular-frequency fluctuation by the first-order-delay filter is
reduced. The magnitude of the control system at a frequency
of approximately 100 rad/s was large. Therefore, the time con-
stant of the torque-current response is expected to be shorter
than the target response time constant 7, and an overshoot
may occur.

In the case of a large time constant 7y, the magnitude of
the control system at a frequency of approximately 100 rad/s
is small, and the time constant of the torque-current re-
sponse is expected to be longer than the target response time
constant 7.
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FIGURE 6. Bode plot of the closed-loop transfer function of the proposed
IFOC (Tys = 0.17y, Ty, 3T,). (a) I}, — Shg. (b) 8I;, > 5@2.

When Ty, is equal to the time constant 7; of the current
controller, the torque-current response is expected to be equal
to the target response time constant 7;;. The numerator of the
transfer function of the g-axis secondary flux based on (3) and
(27) is expressed as follows:

Ry I .
3 & — 2s 1gFs
—wilig + (s + L2>Ilq =L

1dF2

Ly + (S + IZ—;) Iy
(39)
The constant term in (39) can be made close to zero by
setting the time constant of IquS to T; because the torque
current [y, is expected to be a response of the time constant
T;. Therefore, the sensitivity of the g-axis secondary flux with
respect to the torque-current command can be suppressed by
making the time constant of the slip-angular-frequency first-
order-delay controller equal to that of the current controller.

C. INFLUENCE OF THE PARAMETER ERROR OF THE
SECONDARY RESISTANCE SET VALUE R,

Assuming a parameter error AR, with respect to the true
secondary resistance value R», the secondary resistance set
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value is defined as follows:

Ros = Ry + AR. (40)

Fig. 7 shows the closed-loop transfer function of the con-
ventional and proposed IFOC systems when the primary
angular frequency is 250 rad/s and AR, changes. Degradation
of the current control performance is inevitable for both the
conventional and proposed IFOC systems because the error
in the secondary resistance set value causes the misalignment
of the secondary flux in a steady state. However, compared
with the conventional IFOC, the proposed IFOC makes the
magnitude of the control system reduced in a high-frequency
region; the secondary flux fluctuation and the torque-current

overshoot during transient response are expected to be re-
duced.

D. NUMERICAL SIMULATION OF THE CONVENTIONAL AND
PROPOSED IFOC

A numerical simulation based on Table 2 was conducted to
verify the proposed method, including its secondary flux re-
sponse. In this simulation, pulsewidth-modulation control was
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FIGURE 8. Step response in the conventional and proposed IFOC
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conventional IFOC. (c) /;4 in the proposed IFOC. (d) ®; in the proposed
IFOC.

not considered because the purpose was to verify the proposed
method in principle.

Fig. 8 shows the simulation results of the torque-current
step response when the primary angular frequency was
250 rad/s. In the conventional IFOC, the g-axis secondary flux
fluctuates transiently when the step g-axis current command
is input, and a vibration of the g-axis current occurs owing to
the coupling of the secondary flux. In the proposed IFOC, the
misalignment is reduced, and the FOC and first-order-delay
responses are realized.
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conventional IFOC. (c) /4 in the proposed IFOC. (d) ®; in the proposed
IFOC.

Fig. 9 shows the simulation results of the torque-current
step response when the primary angular frequency was
50 rad/s. The torque-current response was close to the first-
order-delay response of 100 rad/s, even in the conventional
IFOC; this result corresponds to the tendency of the analysis
in Section III-A.

E. NUMERICAL SIMULATION OF THE PROPOSED IFOC FOR
VERIFICATION OF T

Fig. 10 shows the simulation results of the torque-current
step response when the primary angular frequency was
250 rad/s and Ty; is changed. In the case of a small
time constant 7Ty, the torque-current response is faster than
the target response, and an overshoot occurs because the
magnitude of the control system at a frequency of approxi-
mately 100 rad/s is large. In the case of a large time constant
Ty, the torque-current response is slower than the target
response because the magnitude of the control system at a
frequency of approximately 100 rad/s is small. When Ty is
not equal to 7y, the suppression effect of the g-axis secondary
flux fluctuation degrades, and misalignment of the secondary
flux occurs.
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F. NUMERICAL SIMULATION OF THE CONVENTIONAL AND
PROPOSED IFOC FOR VERIFICATION OF AR,

Figs. 11 and 12 show the simulation results of the torque-
current step response when the primary angular frequency
was 250 rad/s and AR, changed. When the set value of the
secondary resistance has errors, misalignment of the sec-
ondary flux occurs in the steady state; the torque-current
control performance is degraded in both the conventional
and proposed IFOC systems. However, compared with the
conventional IFOC, the proposed IFOC reduces the sec-
ondary flux fluctuation and torque-current overshoot during
a transient response. The slip-angular-frequency command is
calculated based on the secondary resistance in IFOC. There-
fore, the misalignment due to AR; is inevitable. Thus, the
correct secondary resistance is needed. However, the proposed
control method is very simple construction, and the high
torque-current control performance is realized by only tuning
the secondary resistance.
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IV. EXPERIMENTAL VERIFICATION OF THE
CONVENTIONAL AND PROPOSED CONTROL SYSTEMS
WITH 750 W IM

A. EXPERIMENTS OF THE CONVENTIONAL AND
PROPOSED IFOC

Experimental verification was conducted because the dead-
time of the inverter, forward voltage of the power semicon-
ductor devices, and harmonic components of the current and
voltage were not considered in the numerical simulation. An
eight-pole 750 W IM with an inertial load was used for the
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FIGURE 12. Step response in the proposed IFOC (w10 = 250 rad/s,

AR, =20, —10 (%)). (a) hq in the proposed IFOC (AR, = 20 (%)). (b) > in
the proposed IFOC (AR, = 20 (%)). (c) /14 in the proposed IFOC

(AR2 = —10 (%)). (d) @, in the proposed IFOC (AR, = —10 (%)).

verification. Table 1 summarizes the IM used for the exper-
imental verification. Fig. 13 shows the configuration of the
experimental system. The dc link voltage was 300 V, the
sampling frequency was 5 kHz, the d- and g-axis current
commands were 4 A and 5.7 A, the time constant of the
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FIGURE 13. Configuration of the experimental system.

current controller 7; was 10 ms, and the time constant of
the slip-angular-frequency first-order-delay controller 7;;; was
10 ms.

Fig. 14 shows the experimental results in acceleration and
deceleration operation. Since the proposed first-order-delay
slip-angular-frequency control is a method to improve the
transient characteristics of the torque current, there is no dif-
ference between the conventional and proposed methods in
the steady-state operation.

Fig. 15 shows the experimental waveforms of the torque-
current step response when the primary angular frequency
was 250 rad/s. The proposed IFOC realizes a torque-current
response that is closer to the target response than the conven-
tional IFOC.

Fig. 16 shows the experimental waveforms of the torque-
current step response when the primary angular frequency is
50 rad/s, wherein the sixth-order harmonic component of the
fundamental frequency owing to the deadtime increases the
current ripple. The torque-current response is the first-order-
delay response of 100 rad/s even in the conventional IFOC;
this result corresponds to the tendency of the analysis.

B. EXPERIMENTS OF THE PROPOSED IFOC FOR
VERIFICATION OF T

Fig. 17 shows the experimental waveforms of the torque-
current step response when the primary angular frequency
was 250 rad/s and Ty, changes. In the case of a small time
constant Ty, the torque-current response is faster than the tar-
get response, and an overshoot occurs because the magnitude
of the control system around the frequency of 100 rad/s is
large. In the case of a large time constant Ty, the torque-
current response is slower than the target response because
the magnitude of the control system at a frequency of ap-
proximately 100 rad/s is small. Therefore, the time constant
of the slip-angular-frequency first-order-delay controller was
determined to be equal to that of the current controller.
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FIGURE 14. Acceleration and deceleration operation. (a) /14 in the
conventional IFOC. (b) »; in the conventional IFOC. (c) /14 in the proposed
IFOC. (d) w; in the proposed IFOC.

C. EXPERIMENTS OF THE CONVENTIONAL AND
PROPOSED IFOC FOR VERIFICATION OF AR,

Fig. 18 shows the experimental waveforms of the torque-
current step response when the primary angular frequency was
250 rad/s and AR, changed. Compared with the conventional
IFOC, the proposed IFOC reduces the overshoot of the torque
current during the transient response; the torque-current re-
sponse is close to the target response.

VOLUME 4, 2023



IEEE Open Journal of

Industry Applications

= 8
=
«® ~
EZL
£zl
(S ICP)
s £
=
2 Gt
526
- 2
= <) — = =1, /45Ty
&' L L L L L
6.9 6.95 7 7.05 7.1 7.15 7.2
Time (s)
(@)
< 8 : . .
=
® ~
EZ
€z
9
= E
S 2
526t
'5 < 77—1:q/(1+sTd)
s ‘ e
7.5 7.55 7.6 7.65 7.7 7.75 7.8
Time (s)
(b)

FIGURE 15. Step response in the conventional and proposed IFOC
(w10 = 250 rad/s). (a) /14 in the conventional IFOC. (b) /14 in the proposed
IFOC.

< 8
=
[N
E <
SET AAAAANAA NN
< £ AT ST AVAT R Y
= St
¥ / —,
3E A AAN I
'é = A ! 7771;q/(1+sTd)
1 5 1 1 L L L
T 265 27 275 28 285 29 295
Time (s)
(a)
< 8
=
c® ~
E <
SE7; AANAAL L A2 AN
< £ W WY
ES .l / —,
ol w/vf AWAM 1,
‘é = R **”Tq/(””d)
1 5 1 1 1 L L
T 25 255 26 265 27 275 28
Time (s)
(b)

FIGURE 16. Step response in the conventional and proposed IFOC
(w10 = 50 rad/s). (a) 14 in the conventional IFOC. (b) /14 in the proposed
IFOC.

D. VERIFICATION OF THE CONVENTIONAL AND PROPOSED
IFOC IN A WIDE SPEED RANGE

The torque-current step response of the conventional and
proposed IFOC systems was verified in the primary angular
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frequency range of 50-300 rad/s. In the verification, the track-
ing error J;, and overshoot rate J,, were calculated according
to the definitions in Fig. 19, (41), and (42). In addition, the
settling time is verified

5]

1 Ifp—1h
Lﬁr—/—ﬂ%—idt @1)
T:V I]qF
1
max (Ilq - Ifq)
Jop = ———=. (42)

NG
q

The torque-current step response of the conventional and
proposed IFOC systems was verified in the primary angular
frequency range of 50-300 rad/s. Filtering the current wave-
form affects the cutoff frequency component, especially in
the low-speed region. Therefore, the actual current waveform,
which includes harmonic components, was used for verifica-
tion.

Fig. 20 shows the verification results. As the primary an-
gular frequency increased, the tracking error and overshoot
rate deteriorated in the conventional IFOC system because
the magnitude of the transfer function tends to increase in
this system. Conversely, the proposed IFOC realized the first-
order-delay response of 100 rad/s over a wide speed range.
The settling time in the proposed method is shorter than that
of the conventional method because the proposed method
removes the current vibration. Therefore, the proposed IFOC
achieves high torque-current control performance over a wide
speed range.
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V. ANALYSIS AND VERIFICATION OF THE CONVENTIONAL
AND PROPOSED CONTROL SYSTEM WITH A 150 KW IM
A. ANALYSIS OF THE CONVENTIONAL AND PROPOSED
IFOC

It is confirmed that the analytical results correspond to the
simulation and experimental results in Sections III and VI.
Finally, the analysis and simulation with a 150 kW IM are
conducted in this section. Table 3 summarizes the IFOC of a

172

230 T T T T T T
220 |
O I S P
=1 7
2 20 ! \ 1
E < // I*
=
/
5 . , 1qF
T 5200 ! 1
= w
2% '
o T
" oS 190 - ]
T
= 7
1q
180 F R 1
1 Iq
1 — = L 4T
170 ¢— - ::: - - -
0.1s 02s
tl ' Time (s) tz
T, = 0.3 (s)
FIGURE 19. Definition in the calculation of the tracking error and
overshoot rate.
3 T T T
L 25 1
§ O Prgposed
@ [e]
S (0]
~To2r g
- 8 o o
) o) [e]
15 {
w
g
Z 1r 1
=3
«<
ol
= 05 1
0 \ . \ , .
0 50 100 150 200 250 300
Primary angular frequency (rad/s)
(a)
50 T T T
O Conventional
;\? 40 - O  Proposed i
=
5
e 30 1
B ? ¢
< €]
s @)
S 20r o) 2 q
2
1) 10 b
0 . . . . .
0 50 100 150 200 250 300
Primary angular frequency (rad/s)
(b)
0.1 T T T T T
O Conventional
0.08 O Proposed d
2 I 9
£ 006 o Q e 5 1
= 0]
éb ] (o]
= 0.04 .
£}
D
@
0.02 [ 1
0 . . . . .
0 50 100 150 200 250 300
Primary angular frequency (rad/s)
(c)

FIGURE 20. Verification of the step response of the conventional and
proposed IFOC in a wide speed region. (a) Tracking error. (b) Overshoot
rate. (c) Settling time.

VOLUME 4, 2023



IEEE Open Journal of

Industry Applications
TABLE 3. Configuration of IM IFOC 5
Conventional
0 Proposed I
Symbol Quantity Value 5
R, Primary resistance 0.0971 Q g-or
Ly Primary self-inductance 30.12 mH A
R, Secondary resistance 0.0816 Q § 157
L, Secondary self-inductance 29.93 mH E 0k
M Mutual inductance 29.1 mH &
oL, Primary leakage inductance 1.83 mH = st
in FOC
T, Secondary time constant 367 ms S0r
Ty Time constant of FOC 10 ms 351
I d-axis current command 93 A -40 . : . :
i 107! 10° 10! 107 10° 10*
I g-axis current command 181 A Frequency (rad/s)
FIGURE 21. Bode plot of the closed-loop transfer function between L,
TABLE 4. Operation Point for the Analysis and hq (010 = 200 (rad/s)).
-50 ——rrr— .
Symbol Quantity Value 100 S |
Ligo d-axis current 93 A -150
Ligo g-axis current 181 A ook
D,40 d-axis secondary flux 2.71 Wb 5 )
Dyq0 g-axis secondary flux 0 Wb g 250
Xido Integral value of d-axis 0A-s ‘E 300 F
current deviation é«"
X1do Integral value of g-axis 0As 350 F ]
current deviation a0l |
Laro First-order-delay-filtered d- 93 A
axis current command 450 ¢ IC,"“VC“‘;‘"HI 9
Ligro First-order-delay-filtered g- 181 A 500 e ! !
axis current command 107" 10° 10" 10° 10° 10*
I ar20 First-order-delay-filtered d- 93 A Frequency (rad/s)
axis current command
Larso First-order-delay-filtered g- 181 A FIGURE 22. Bode plot of the closed-loop transfer function between I},
axis current command and @24 (w10 = 200 (rad/s)).
140 d-axis current command 93 A
fiqo q-axis current command 181 A and the maximum value is 0 dB. Therefore, the proposed
Wso Slip-angular frequency 5.3 rad/s IFOC system is expected to be a first-order-delay system of
command 100 rad/s. Fig. 22 shows the closed-loop transfer function
Wy Primary angular frequency —rad/s X !
between 8/ and §®;, in the conventional and proposed
Wro Secondary angular frequency —rad/s 9q

(wrg = W19 — Wg)

150 kW IM, which assumes a railway vehicle traction system.
Table 4 lists the operational points of the analysis. The target
time constant 7, of the IFOC is assumed to be 10 ms in this
study.

Fig. 21 shows the closed-loop transfer function between
81} and 81, in the conventional and proposed IFOC systems
according to (22)—(25) and (35)—(38) when the primary angu-
lar frequency is 200 rad/s. In a conventional IFOC system, the
magnitude of the transfer function is large and is a second-
order system. The peak magnitude is also larger than that of
Fig. 2 because the inductance of a large-capacity IM is smaller
than that of a small-capacity IM; and the peak magnitude of
the IM plant is larger than that shown in Fig. 5, as shown
in Fig. 23. Therefore, an overshoot of the g-axis current is
expected in the step response. In the proposed IFOC system,
the magnitude of the transfer function is -3 dB at 100 rad/s,

VOLUME 4, 2023

IFOC systems according to (22)—(25) and (35)—(38), when
the primary angular frequency is 200 rad/s. Compared with
the conventional IFOC system, the proposed IFOC system
reduces the g-axis secondary flux fluctuation because of the
first-order-delay slip-angular-frequency control.

Fig. 23 shows the bode plots of the conventional IFOC
system. The bode plots of the current controller are based
on the transfer function between Sll*q and SV{; according to
(16). The bode plots of the IM plant model are based on the
transfer function between § Vf; and 611, according to (21). The
open-loop transfer function between 511*q and 81y, is based
on (22)—(25). The peak magnitude of the IM plant causes
the magnitude of the control system to be high in the high-
frequency region when the primary angular frequency is high.
Therefore, the magnitude of the closed-loop transfer function
of the IFOC system tends to increase near the cutoff frequency
when the primary angular frequency is high.

Fig. 24 shows the simulation results of the torque-current
step response when the primary angular frequency was
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FIGURE 23. Bode plot of the transfer function of the conventional IFOC.
(a) w10 = 50 rad/s. (b) w10 = 200 rad/s.

200 rad/s. In the conventional IFOC, the g-axis secondary flux
fluctuates transiently when the step g-axis current command is
input, and an overshoot of the g-axis current occurs owing to
the coupling of the secondary flux. In the proposed IFOC, the
misalignment is reduced, and the FOC and first-order-delay
responses are realized.

B. VERIFICATION OF THE CONVENTIONAL AND PROPOSED
IFOC IN A WIDE SPEED RANGE

The torque-current step response of the conventional and
proposed IFOC systems was verified in the primary angu-
lar frequency range of 50-300 rad/s. In the verification, the
tracking error J;, and overshoot rate J,, were calculated. In
addition, the settling time is verified.

Fig. 25 shows the verification results. As the primary an-
gular frequency increased, the tracking error and overshoot
rate deteriorated in the conventional IFOC system because
the magnitude of the transfer function tends to increase in
this system. Conversely, the proposed IFOC realized the first-
order-delay response of 100 rad/s over a wide speed range.
The settling time in the proposed method is shorter than that
of the conventional method because the proposed method
removes the current vibration. Therefore, the proposed IFOC
achieves high torque-current control performance over a wide
speed range.
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VI. CONCLUSION

An IFOC with a first-order-delay slip-angular-frequency con-
troller, which has a simple configuration, was proposed. In
the proposed method, a first-order-delay filter was added to
the slip-angular-frequency controller to reduce abrupt changes
in the slip-angular frequency when the g-axis current com-
mand is input. The proposed method reduces the transient
fluctuation of the g-axis secondary flux and realizes sophisti-
cated torque-current control even during a transient response.
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Therefore, the proposed method makes the controller config-
uration simple because an additional decoupling controller is
not required; and the tuning parameter is only the secondary
resistance. The proposed method was verified through anal-
ysis, numerical simulation, and experiments. The proposed
IFOC realizes a first-order-delay torque-current response to
reduce the transient fluctuation of the secondary flux over
a wide speed range; the proposed method realizes the high
torque-current performance by only tuning the secondary re-
sistance.

APPENDIX A1
Components a;j of system matrix A, except for 0, are pre-
sented as follows:
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Components b;; of input matrix By, except for 0, are pre-
sented as follows:
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