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ABSTRACT Feed-forward current control, which employs a single-pulse mode of inverters over a wide
speed range, is applied in inertial load drive applications such as electric vehicles and electric railway
vehicles. It is necessary to identify both primary and secondary motor parameters to realize sophisticated
torque control in the feed-forward current control region, wherein the current controller cannot compensate
for motor parameter errors. An online auto-tuning method that is based on the fundamental components of
motor voltages during acceleration with an inertial load is proposed in this study. The convergence of the
proposed auto-tuning is discussed, and a calculation method for correction gains is proposed to compensate
for the motor parameters. The proposed method is verified via numerical simulation and experiments with a

750 W induction motor and an inertial load.

INDEX TERMS Induction motors, motor drives, parameter estimation, variable speed drives.

I. INTRODUCTION

The field-orientation-controlled induction motor is widely
employed for inertial load-drive applications such as elec-
tric vehicles and electric railway vehicles that require a high
torque performance over a wide speed range [1]. Fig. 1 shows
the field-orientation-control (FOC) system of an induction
motor (IM). The currents and voltages illustrated in Fig. 1
are presented in a rotating d- and g-axis reference frame
with a primary angular frequency. The current controller is
composed of a feed-forward (FF) and the feedback (FB)
proportional-integral (PI) current controllers; the former cal-
culates the voltage commands based on the induction motor
parameters and current commands, and the latter compensates
for the motor parameter errors and the transient response of
the current. In the indirect FOC (IFOC), the phase angle of
the secondary flux is controlled by an appropriate slip angu-
lar frequency command that enables independent control of
excitation and torque currents in terms of the rotor angular
frequency [2]. The misalignment of the secondary flux with
respect to the d-axis occurs when the current controller has

motor parameter errors; this degrades the accuracy of torque
control. In FOCs for high-power applications such as electric
railway vehicle drives, FF current control, which includes
single-pulse control of the inverter, is employed to minimize
the switching loss over a wide speed range [3], [4]. The cur-
rent control mode is switched from the PI current control that
the sufficient voltage margin is needed for the current control
to the FF current control when the modulation ratio is reached
to the over modulation region. The pulse mode is switched
from the multi-pulse pulse-width-modulation (PWM) mode
to the single-pulse control mode when the motor voltage is
reached to the maximum of the inverter output voltage. The
switching control mode, desired voltage, and torque control
do not continue seamlessly in the high-speed region when the
current controller has motor parameter errors because the cur-
rent controller cannot compensate for motor parameter errors
by the PI control in the FF current control region, as shown
in Fig. 2. Thus, it is essential to identify both the primary
and secondary motor parameters for realizing a high torque
control performance.
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R1: primary resistor, R,: secondary resistor, Lq: primary self-inductance, L,: secondary self-inductance, M : mutual inductance,

2
c=1- LM—L: leakage coefficient, gL, : primary leakage inductance in FOC, w,: secondary angular frequency, ws: slip angular frequency
p o |

. L . . . .
command, w: primary angular frequency, T, = R—Z: secondary time constant, I;4: d-axis current, I;4: d-axis current command, I 4: g-axis
2

current, I74: q-axis current command, Vy4: d-axis voltage command, Vyy: g-axis voltage command, Ty: time constant of current regulator,
K,: proportional gain, K;: integral gain

FIGURE 1. Configuration of FOC system of IM.
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FIGURE 2. Torque and inverter output voltage.

This study aims to propose an online auto-tuning method
with an inertial load that can identify the primary and
secondary motor parameters. This study is aimed at iner-
tial load-drive applications. A low-computational-load tuning
method is desirable because the computational capacity of the
controller in the inertial load-drive applications is not high;
this method can identify motor parameters based on the funda-
mental frequency component of the motor voltage or current
during acceleration operation. However, it is difficult to iden-
tify motor parameters from the motor voltage or current, and
this corresponds to solving the state equations of the induction
motor [5—[7]. One solution is applying an observer [8], [9]
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or least mean square (LMS) methods [10]-[18]. Although
these methods are applicable to online auto-tuning for iner-
tial load-drive applications, they require a high computational
capacity controller. Other solutions include methods used for
identifying motor parameters based on the step [19]-[22]
or frequency responses [23]-[29]. References [19] and [20]
present a method to adjust the secondary time constant of
the IM based on the transient response of the d- and g-axis
voltages when the step signal of the g-axis current is input.
In this method, the IM is rotated at a constant speed using a
load motor. Reference [21] shows the method to identify the
secondary time constant of the IM according to the motor cur-
rent and voltage when the step signal of the motor rotational
speed is inputted by the load motor. Reference [22] presented
a method for identifying the magnetizing curve of the primary
self-inductance of an IM based on the transient response of
the motor voltage when the step signal of the d-axis current
is input at standstill. These methods [19]-[22] focus on the
information of the flux included in the motor voltage during
the transient response, and therefore, they require a load mo-
tor or additional signal. The methods in [23]-[27] identify
motor parameters based on the frequency response when an
AC signal is superimposed on the motor voltage. Reference
[28] presented a method for identifying motor parameters
by inputting a high-frequency voltage to the motor without
rotation. Another method that measures the motor impedance
characteristics and identifies the magnetizing curve has been
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proposed [29]. The methods in [23]-[29] focus on the fre-
quency characteristics of the IM and require the injection of an
additional high-frequency signal. Thus, previous conventional
studies are not suitable for online auto-tuning methods in in-
ertial load-drive applications. The methods in [8]-[18] are not
applicable to inertial load-drive applications because they re-
quire a high computational capacity. The methods in [19]-[21]
require load control, and therefore, these methods are not ap-
plicable to the inertial load-drive applications. The methods in
[23]-[29] require a frequency analyzer, high-computational-
capacity controller, or additional signals that influence the
motor torque; thus, these methods are not suitable for online
auto-tuning.

In the inertial load drive, the motor speed changes gradu-
ally, such that the PI current controller voltage is proportional
to the primary angular frequency and motor parameter errors.
Therefore, the derivative of the PI current controller volt-
age of the primary angular frequency is proportional to the
motor parameter error. In [30], we proposed an auto-tuning
method that use the features of an inertial load drive. The
motor voltage is a function of current, flux and frequency;
therefore, the inductance can be estimated by changing the
flux or frequency. Given this context, the method proposed
in this study is categorized as a method for estimating the
parameters by changing the frequency or motor speed. The
ratio of the motor voltage to the primary angular frequency
is equivalent to the primary linkage flux in the high-speed
region; the voltage drop of the primary resistance is neg-
ligible. Information on the leakage and secondary fluxes is
included in the ratio of the output voltage of the PI current
controller to the primary angular frequency. Therefore, in
the proposed method, the primary self-inductance is adjusted
based on the motor voltage that is proportional to the pri-
mary linkage flux in the high-speed region. Then, the primary
leakage inductance in FOC and secondary time constant are
adjusted based on the ratio of the output voltage of the PI
current controller to the primary angular frequency during
the acceleration operation. Finally, the primary resistance is
adjusted based on the output voltage of the PI current con-
troller during acceleration. This method can identify both the
primary and secondary motor parameters according to only
the fundamental component of the motor voltage during ac-
celeration with an inertial load. Since the motor voltage during
acceleration changes gradually in inertial load-drive applica-
tions, this method can make the sampling frequency of the
auto-tuning controller much lower, for instance 100 Hz, and
it can be applied to online auto-tuning for inertial load-drive
applications. The proposed method requires a lower compu-
tational capacity compared with [8]-[18], does not need a
load motor compared with [19]-[22], and uses only the fun-
damental components of the motor voltages compared with
[23]-[29].

However, the convergence of the auto-tuning method was
not revealed in [30]. The calculation methods for the correc-
tion gains to adjust the motor parameters have also not been
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FIGURE 3. Output voltage of inverter and PI controller.

clarified. The proposed auto-tuning method does not converge
or takes a long time to converge when the correction gains are
inappropriate. Therefore, the calculation methods are required
for the correction gains in which the auto-tuning converges
fewer times. In this study, the proposed method for determin-
ing the correction gains based on the mathematical model of
the IM is presented.

The remainder of this manuscript is organized as fol-
lows: Section II reveals the relationship between the output
voltage of the PI current controller and motor parameter er-
rors; further, the proposed auto-tuning method is described.
The calculation method for the correction gains and conver-
gence of the proposed auto-tuning method are presented in
Section III. The simulation and experimental results are re-
spectively presented in Sections IV and V. Finally, Section VI
concludes the paper.

1. THEORY OF PROPOSED AUTO-TUNING METHOD

Fig. 3 shows the output voltage of the inverter and PI current
controller with respect to the primary angular frequency when
the current controller has motor parameter errors. The broken
line in Fig. 3 represents the output voltage of the inverter
without motor-parameter errors. The PI current controller
outputs the voltage to compensate for the motor parameter
errors. The output voltage of the PI current controller has a
primary angular frequency dependency because the error of
the electromotive force is proportional to the primary angular
frequency in the steady state during acceleration operation.
The relationship between the output voltage of the PI current
controller and motor parameter errors in the steady state is an-
alyzed by assuming that the d- and g-axis currents are constant
in the PI current control region.

A. CONFIGURATION OF CURRENT CONTROLLER

The voltage equations of the IM represented in a rotat-
ing d- and g-axis reference frame with the primary angular
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frequency are presented as
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The slip angular frequency command o} is given by

= Ks I 2)
where the slip gain K represents the reciprocal of the sec-
ondary time constant of the IM; the true value of the slip gain
K is R>/L>. A misalignment of the secondary flux occurs
when the slip gain contains errors. When the g-axis secondary
flux is zero, the d- and g-axis voltages V14 and V|4 in the steady
state are respectively expressed as

Via = Rilig — wi0Lilq (3)
4)

When the IFOC is realized, the primary leakage inductance
oL and the d-axis secondary flux ®,q4 in (3) and (4) are given
by

Vig = Riliq + w10 L1114 + w) 2/1—2@2(1

oLy =L — Az—; &)
(6)

Given this context, the FF current controller voltages Viq4rr
and Vyqpr are respectively expressed as

Drg = Mg

Vidrr = RlTslel*d - wlaleIikq (7
Viger = R ———1, + w10, #Ii*d
1+ 5Ty a 1+ 5Ty
m> 1
+(U1L—2—1 —|—ST211d (8)

where 1/(1 + sTy) and 1/(1 + sT3) are the first order delay
controllers to imitate the responses of the current and flux.
Although the voltage drop terms are generally not included
in (7) and (8) in IFOC, the voltage drop terms are needed to
compensate for the motor voltage in the FF current control
region for inertial load-drive applications such as electric rail-
way vehicles as shown in Fig. 2. The PI controller is assumed
as the FB controller in this study; the d- and g-axis output
voltage commands V¥ and Vf; are respectively expressed as

vy = (K4 & (Ify— ha) +R 11
1d P 1d — 41d 11+T
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FIGURE 4. Bode plot of open loop transfer function between Iiqto hq (red
line: voltage drop terms are ignored in the FF current controller, blue line:
voltage drop terms are included in the FF current controller, K, = oL, /Ty,
Ki = R /Ty).

TABLE 1. Configuration of Induction Motor

Symbol Quantity Value
R, Primary resistance 0.0971 Q
Ly Primary self-inductance 30.12 mH
R, Secondary resistance 0.0816 Q
L, Secondary self-inductance 29.93 mH
M Mutual inductance 29.1 mH
oL, Primary leakage inductance 1.83 mH
in FOC
& Reciprocal of secondary time 2.73 (1/s)
L, constant
— w10 L 1 —I (9)
1+ 5Ty lq
vi = (K, + 5 (= 1q) + R S
= — 1 ) R —
la YA R 1+ 5T 1
+woLj ——TIf + o M2 L o (10)
woL| ——— T
1+ 5Ty 1d L21—|—ST2 Id

where the proportional gain K, is oL;/Ty and the integral
gain K;j is Ry /Ty. Fig. 4 shows the bode plots of the open
loop transfer function between Il*q and I14 in Fig. 1. Table 1
summarizes the motor parameters used for the calculation in
Fig. 4. The d- and g-axis current commands are respectively
93 A and 180 A, the primary angular frequency w is 63 rad/s,
and the time constant of the current controller is 10 ms in
this calculation. The red line represents the bode plot that the
voltage drop terms in the FF current controller are ignored,
and the bule line represents the bode plot that the voltage drop
terms are included in the FF current controller in Fig. 4. As a
result of Fig. 4, the characteristics of both current controllers
are approximately same even if the voltage drop terms are
included in the FF current controller.
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Therefore, this study assumes that the FF current controller
has the voltage drop terms.

B. RELATIONSHIP BETWEEN OUTPUT VOLTAGE OF PI
CURRENT CONTROLLER AND MOTOR PARAMETER ERROR
The d- and g-axis output voltage commands V7% and sz1 of the
current controller in the steady state are respectively expressed
as

Via = Viget + Risliy — o1(o L)l (11)

2
Vi = Vign + Riliy + on@ Ly + (45) I (12)

where Vigpr and Vigpy represent the output voltages of the PI
current controller; s represents the set value of motor parame-
ters that are not true value in the current controller to define the
motor parameter errors. The method that makes the set value
to be the true value of the motor parameter is investigated in
this study. The mutual inductance (M 2 /L)s when the IFOC
is realized is given by

2
(4) = L1 = L)

The d- and g-axis secondary fluxes ®2q and ®>4 based on
the third and fourth equations in (1) are respectively presented
as

13)

R 2
(%) M+ Ro fL ol

Doy = (?)z+w*2 (14)
2 S
Ry 2 _paM *
st
2 S

The d- and g-axis motor voltages V14 and Vi4 are assumed
to be equivalent to the d- and g-axis voltage commands V%
and Vf;l in the steady state in this section. The d- and g-axis
output voltages of the PI current controller according to (3),
(4), (11), and (12) are respectively expressed as

Viger = — (Ris — R1) Iy + w1 ((oL1)s — o L) [

— wlﬂq)zq (16)
Ly
Vight = — (Ris — R) Ijg — w1 ((oL1)s — o L1) I g
— w1 <<AL2> Il*d — %Cbzd) (17)
L, / Ly

The derivatives of the output voltages of the PI current
controller with respect to the primary angular frequency are
derived from (16) and (17), as shown in

A%
3(1;11}71 = ((O'L])s - O—Ll)ll*q - LMZqDZq

(18)

aV 2
i — — (oL — oLy — (%) Ha — $@20)
(19)

Therefore, the primary angular frequency dependency of
the output voltage of the PI current controller includes infor-
mation regarding the motor flux. The relationship between the
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derivatives of the output voltages of the PI current controller
and the motor parameters based on (2), (13)-(15), (18), and
(19) is respectively shown as

*

2 I
R, M 1
(%) Mhq-R K3 ha

Viapr L
= ((cLi)s—oL) I{{—— 5
ow L> R 2 I,
(20)
R\ b1+ Ry Mk g
Vigpr M\, 1d + 27, Bs 1 g

=—(Lis—oL) Ify+—
dwy s ld Ly R 2 I, 2
(21)

The motor parameter errors of the current controller are
defined as

AL =Lis— Ly 22)
Ry
AK, = K, — =2 (23)
L
A(oL)) = (oLi)y—ol; (24)

The relationship between the derivatives of the output volt-
ages of the PI current controller and motor parameter errors
according to (20)—(24) is shown as

v
aldPI _ A(oLl)Il*q
w
B\ M1y — ReM (K, + B2) B
_ﬂL_z g — 27 sT I, 7,
Ly R\ 2 R\ i :
()" + (o8 )
(25)
v
T (L + AL — o L) I
80)1

2 I*
R M R 1
" (B) Mha+ RAL (AR + 52) 211
Ly R\? &\ )
() + ((AKS +5) ,1—3>

Therefore, the d-axis primary angular frequency depen-
dency of the output voltage of the PI current controller
includes the error of the leakage and secondary fluxes; the
g-axis dependency includes the error of the primary linkage
and secondary fluxes. The derivative of the g-axis output volt-
age of the PI current controller when the error of primary
self-inductance AL is zero is expressed as follows based on
(26).

(26)

Vigpr
8w1
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Therefore, the primary angular frequency dependency of
the g-axis output voltage of the PI current controller includes
only the error in the secondary flux when the correct primary
self-inductance is provided. The error of the secondary flux
can be compensated for by adjusting the slip gain to make
the derivative of the g-axis output voltage of the PI current
controller zero.

The derivative of the d-axis output voltage of the PI current
controller when the error of the slip gain is zero is presented
below according to (25).

27)

aVj
T = A (oL I},

(28)

Therefore, the primary angular frequency dependency of
the d-axis output voltage of the PI current controller includes
only the error in the leakage flux when the slip gain has no
errors.

Fig. 5 shows the calculation results of the d- and g-axis
primary angular frequency dependencies of the output voltage
of the PI current controller with respect to the errors of the slip
gain and leakage inductance based on (25) and (27). Table 1
summarizes the motor parameters used for the calculations in
Fig. 5. In this study, an electric railway vehicle is assumed to
be one of the inertial load-drive applications, and therefore,
the 150 kW induction motor configuration is used in Table 1.
In the IM drive for electric railway vehicles, the operation at
the rated point is assumed such that the d- and g-axis current
commands are selected to make the torque and flux the rated
values, wherein the d-axis current command is 93 A and the
g-axis current command is 180 A, as indicated in Fig. 4. The
calculation result shown in Fig. 5 indicate that the d- and
g-axis angular frequency dependencies of the output voltage
of the PI current controller become zero only at the point
where both the errors of slip gain and leakage inductance are
zero. Hence, the errors of the leakage and secondary fluxes
can be compensated by adjusting the slip gain and leakage
inductance to make the d- and g-axis derivatives of the output
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FIGURE 6. Flowchart of proposed auto- tuning.

voltage of the PI current controller zero when the primary
self-inductance is given.

C. PROPOSED AUTO-TUNING METHOD

Fig. 6 shows a flowchart of the proposed auto-tuning method.
In the proposed method, primary self-inductance is first
identified at by the no-load test because it is essential for
identifying the slip gain and leakage inductance. When the
g-axis current is zero, the motor voltage is presented as

Vi = /R} + (01L1)* 14

The voltage drop in the primary resistance is negligible in
the high-speed region; the motor voltage is shown as

(29)

Vi = wi1Li1i4 (30)

Therefore, the primary self-inductance is identified by the
no-load test as

Vi
wliq

Ly = €29

The estimation error of the primary self-inductance with
respect to the primary angular frequency according to (22),
(29), and (30) is shown as

VR @i L)
AL = YT

w]

(32)

Fig. 7 shows the calculation result of the estimation error of
the primary self-inductance with respect to the primary angu-
lar frequency according to (32). Table 1 summarizes the motor
parameter used for the calculation in Fig. 7. The estimation
error of the primary self-inductance is large in the low-speed
region. Therefore, the primary self-inductance is identified in
the high-speed region.

The slip gain and leakage inductance are identified based
on the angular frequency dependencies of the d- and g-axis
output voltages of the PI current controller during the acceler-
ation operation. The slip gain is adjusted based on (27) as

9Viqp1
S Z}a)]

L (33)

where Ak, represents the correction gain to adjust the slip
gain.
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FIGURE 7. Estimation error of primary self-inductance with respect to
primary angular frequency.

The leakage inductance is adjusted based on (28) as

(OL1)s,., = (L), +Aq 51 (34)

where A, represents the correction gain to adjust the leakage
inductance.

The angular frequency dependency of the d- and g-axis
output voltages of the PI current controller becomes 0 Vs/rad
when the slip gain and leakage inductance are identified. The
PI current controller compensates for the error in the voltage
drops of the primary resistance. Therefore, the primary resis-
tance is identified based on the g-axis output voltage of the PI
current controller during the acceleration operation. The error
in the primary resistance is defined as

AR = Ry — R; (35)

The g-axis output voltage of the PI current controller after
the identification of the slip gain and leakage inductance based
on (17) and (35) is given as

Viger = —ARi I} (36)
Therefore, the primary resistance is adjusted as
Rlsnﬂ = Rlsn +ARV1qu (37)

where AR represents the correction gain to adjust the primary
resistance. The g-axis output voltage of the PI current con-
troller becomes 0 V when the primary resistance is identified.

1ll. CONVERGENCE OF AUTO-TUNING AND CALCULATION
METHOD FOR CORRECTION GAIN

A. CONVERGENCE OF PROPOSED AUTO-TUNING METHOD
Fig. 8 shows the calculation results of the convergence of the
auto-tuning of the slip gain based on (27) and (33). The motor
parameters are listed in Table 1. This calculation assumes that
the primary self-inductance is provided, and the d- and g-axis
currents are equivalent to the d- and g-axis current commands,
respectively, where the d-axis current is 93 A and the g-axis
current is 180 A. The initial value of the slip gain has an
error of 30% with respect to the true value R, /L. Auto-tuning
requires a long time to converge for a small correction gain.
The polarity of the slip gain error changes with each tuning
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for a large correction gain because the quantity required to
compensate for the slip gain is considerably high. Thus, the
auto-tuning diverges, as shown in Fig. 8(c).

Fig. 9 shows the calculation results of the auto-tuning of
leakage inductance; this calculation is based on (28) and (34).
In addition to the calculation conditions shown in Fig. 8, this
calculation assumes that the error of the slip gain is 0%, and
the initial value of the leakage inductance has an error of 30%
with respect to the true value oL;. Auto-tuning requires a
long time to converge for a small correction gain. The polarity
of the leakage inductance error changes with each tuning
for a large correction gain because the quantity required to
compensate for the leakage inductance is considerably high.
Therefore, the auto-tuning diverges, as shown in Fig. 9(c).

Fig. 10 shows the calculation results of the auto-tuning
of the primary resistance; this calculation is based on (36)
and (37). In addition to the calculation conditions shown in
Fig. 9, this calculation assumes that the error in the leakage
inductance is 0%, and the initial value of the primary re-
sistance has an error of 30% with respect to the true value
R1. Auto-tuning requires a long time to converge for a small
correction gain. The polarity of the primary resistance error
changes with each tuning for a large correction gain because
the quantity required to compensate for the primary resistance
is considerably high. Therefore, the auto-tuning diverges, as
shown in Fig. 10(c).

Hence, the proposed auto-tuning methods require a deter-
mination method for the correction gains.

B. CALCULATION METHOD FOR CORRECTION GAIN

The calculation method for the correction gain Ak, is shown
based on (27) and (33). However, the analytical solution of
the correction gain Ak, with respect to the slip gain error AKj
becomes complex because (27) is not linear in the slip gain
error AK;. Fig. 11 shows the relationship between (27) and
the slip gain error; the calculation conditions are the same as
those shown in Fig. 5. Near a 0% slip gain error, the angular
frequency dependency of the g-axis output voltage of the PI
controller is considered linear with respect to the slip gain
error. The Maclaurin expansion of (27) with respect to the slip
gain error is presented as

MZI* I 2

9Viqp1 _ Wy Ag
o1 RZ(IszJr,qu) s (38)
The slip gain error is defined again as
AKs, = Ky, — K, | (39)

Assuming that AKjg, is equivalent to AKj, the correction
gain Ak, based on (33), (38), and (39) is shown as

a2 Relidi)
K, — 2 2
s M2I TG

(40)

Thus, the correction gain Ak, is calculated using the initial
values of the secondary resistance Ros, and mutual inductance
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Auto-tuning may diverge when the initial values of the
secondary resistance and mutual inductance have large errors
with respect to the true values. Convergence of auto-tuning
for the slip gain with respect to the initial motor parameter
errors is calculated. Errors in the initial secondary resistance
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Fig. 12 shows the convergence calculation result of auto-
tuning according to (27), (33), (39), and (41)—(43). The motor
parameters are listed in Table 1, and the slip gain error AKj is
30%. The d- and g-axis current commands are 93 and 180 A,
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respectively. The area filled in blue represents the combination
of errors AR, and AM where auto-tuning does not converge;
here, the secondary resistance error AR; is — 100 %, which
means that the initial secondary resistance Ry, is 0 €2, and the
motor is not rotated such that auto-tuning does not converge.
In the case of a small initial mutual inductance, the correc-
tion gain Ak, represented in (41) become too large so that
auto-tuning does not converge. Auto-tuning tends to diverge
in the case of a large secondary resistance error AR, because
the large secondary resistance makes the correction gain Ak
in (41) larger. The mutual inductance value is approximately
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FIGURE 12. Convergence region of auto-tuning for slip gain with respect
to initial parameter errors of mutual inductance and secondary resistance
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same as the primary self-inductance value; the deviation be-
tween the mutual inductance and primary self-inductance is
less than 10%. Therefore, auto-tuning converges when the
primary self-inductance is identified.

The calculation method for the correction gain A, is pre-
sented. The angular frequency dependency of the d-axis
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output voltage of the PI current controller is linear with respect
to the leakage inductance error for a 0% slip gain error, as
shown in (28). The leakage inductance error is defined again
as

A(oLy)y = (oLy)s, — (0Li)s, (44)

Assuming that A(oLy), is equivalent to A(o L), the cor-
rection gain A, is calculated according to (28), (34), and (44)
as

1
A = _E (45)

The g-axis output voltage of the PI current controller is
linear with respect to the primary resistance error when slip
gain and leakage inductance are identified, as shown in (36).
The primary resistance error is defined again as

ARy, =Ry, — Ris, (46)

Assuming that AR;, is equivalent to ARj, the correction
gain AR is calculated according to (36), (37), and (46) as

AR = - (47)
Iq

IV. SIMULATION VERIFICATION

A numerical simulation, which assumes a railway vehicle
traction system, is conducted to verify whether the proposed
methods make parameter identification feasible. The motor
parameters are listed in Table 1. Table 2 lists the initial mo-
tor parameters of the current controller that have errors with
respect to the parameters in Table 1, wherein the motor param-
eter error is 20% and auto-tuning converges. The correction
gains are calculated according to (41), (45), and (47). The
DC link voltage is 1500 V, and the d- and g-axis current
commands 93 A and 180 A, respectively. In this simulation,
the PWM control is not considered because the purpose is
verifying the proposed methods in principle. In addition, the
integral gain of the PI current controller in the regenerating
region is tuned according to the gain determination method in
[31] to avoid the current vibration due to unstable eigenvalues
(UEVs) of the IFOC in the regeneration operation.

Fig. 13 shows the simulation results of auto-tuning the
primary self-inductance. The g-axis current becomes 0 A after
the acceleration operation. The d-axis current, primary an-
gular frequency, and voltage command are sampled during
coasting in the steady state; the primary self-inductance is
calculated based on (31) during the no-load operation.

Fig. 14 shows the simulation results of auto-tuning the
slip gain and leakage inductance, wherein the identification
result of the primary self-inductance in Fig. 13 is used. Output
voltages of the PI current controller are proportional to the
primary angular frequency because the PI current controller
compensates for the error in the induced electromotive force.
The PI current controller voltages and the primary angular
frequency are sampled during acceleration operation in the
steady state; the slip gain and leakage inductance are ad-
justed based on (33) and (34) after acceleration operation. The
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TABLE 2. Initial Motor Parameter, Correction Gain, and Adjusted Motor

Parameter in Current Controller for Simulation

Symbol Quantity Value
Ry, Initial set value of primary 0.117 Q
resistance
Ly, Initial set value of primary 36.14 mH
self-inductance
Rys, Initial set value of secondary 0.0979 Q
resistance
Lys, Initial set value of secondary 37.98 mH
self-inductance
M, Initial set value of mutual 3591 mH
inductance
(oLy)s, Initial set value of primary 2.19 mH
leakage inductance in FOC
(M?/L,)s, Initial set value of mutual 33.95 mH
inductance in FOC
K, Initial set value of slip gain 3.27 (1/s)
(reciprocal of secondary time
constant)
Ay, Correction gain for slip gain 1.03
Ay Correction gain for leakage -0.0056
inductance
Ar Correction gain for primary 0.0056
resistance
Ry Adjusted set value of primary 0.0973 Q
resistance
Ly Adjusted set value of primary 30.12 mH
self-inductance
(oLq)s Adjusted set value of primary 1.82 mH
leakage inductance in FOC
(M?/L,)s  Adjusted set value of mutual 28.3 mH
inductance in FOC
K, Adjusted set value of slip 2.73 (1/s)

gain (reciprocal of secondary
time constant)

derivative of the output voltage of the PI current controller

becomes 0V - s/rad after auto-tuning.

Fig. 15 shows the simulation results of auto-tuning the
primary resistance wherein the identification results shown in
Figs. 13 and 14 are used. The output voltage of the PI current
controller is constant because the controller compensates for
the error in the voltage drop of the primary resistance. Further,
the g-axis PI current controller voltage is sampled during ac-
celeration operation in the steady state; the primary resistance
is adjusted based on (37) after acceleration operation. The
output voltage of the PI current controller becomes 0 V after
auto-tuning.

Table 2 summarizes the motor parameters after auto-tuning.
The motor parameters are identified and compared with
Table 1.

V. EXPERIMENTAL RESULT

A. VERIFICATION OF AUTO-TUNING METHOD

Experimental verification is conducted because the dead time
of the inverter, forward voltage of the power semiconductor
devices, and harmonic components of the current and voltage
are not considered in the numerical simulation. An 8-pole
750 W induction motor with an inertial load is used for the
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TABLE 3. Configuration of Induction Motor with Inertia Used for
Experimental Verification

Symbol Quantity Value
R, Primary resistance 3.8Q
Ly Primary self-inductance 112 mH
R, Secondary resistance 2.07Q
L, Secondary self-inductance 123 mH
M Mutual inductance 100 mH

oL, Primary leakage inductance 314 mH
in FOC
- Rated output 750 W
- Poles 8
- Rated voltage 200 V
- Rated frequency 50 Hz
- Rated current 4.80 A
- Rated speed 700 rpm
- Total inertia 0.79 kg - m?

verification. Table 3 summarizes the IM used for the exper-
imental verification. Fig. 16 shows the configuration of the
experimental system. Table 4 lists the initial motor parameters
and correction gains. The DC link voltage is 200 V, and the d-
and g-axis current commands are 4 A and 5.8 A. The current
control mode is switched from the PI control mode to the FF
control mode at 188 rad/s of the primary angular frequency.
The current controller operated at 5 kHz, and the sampling
frequency of the auto-tuning controller is 100 Hz.

Fig. 17 shows the experimental waveforms during the ac-
celeration and deceleration operations before auto-tuning. The
PI current controller outputs voltages to compensate for the
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FIGURE 16. Configuration of experimental system.

TABLE 4. Initial Motor Parameter, Correction Gain, and Adjusted Motor
Parameter in Current Controller for Experiment

Symbol Quantity Value
Ris, Initial set value of primary 500
resistance
Ly, Initial set value of primary 100 mH
self-inductance
Rys, Initial set value of secondary 290
resistance
Lo, Initial set value of secondary 125 mH
self-inductance
M, Initial set value of mutual 95.0 mH
inductance
(oLy)s, Initial set value of primary 28.0 mH
leakage inductance in FOC
(M?/L,)s, Initial set value of mutual 72.0 mH
inductance in FOC
K, Initial set value of slip gain 23.0 (1/s)
(reciprocal of secondary time
constant)
Ay, Correction gain of slip gain 119
Ay Correction gain of leakage -0.172
inductance
Ag Correction gain of primary 0.172
resistance
Ris Adjusted set value of primary 3.6Q
resistance
Ly Adjusted set value of primary 111 mH
self-inductance
(oLy)s Adjusted set value of primary 31.1 mH
leakage inductance in FOC
(M?/L,)s  Adjusted set value of mutual 80.1 mH
inductance in FOC
K Adjusted set value of slip 16.8 (1/s)

gain (reciprocal of secondary
time constant)

motor parameter errors. The seamless control of currents and
voltages is not realized because of the motor parameter errors
when the control mode is switched from PI to FF control; the
d-axis current deviation Al14 between I{; and I1q is 0.76 A,
the g-axis current deviation Aljq between Il’“q and I;q is 1.02
A, and the output voltage deviation AV|" is 16.8 V in Fig. 17.

136

<
5
E
=9
9 »
E'x
ER
s
E:
)
? =
= |
-10 : -
0 5 10 15 10 25 30
200
1150
~ ~ 1100 2
& 150 £
E ) £
5 R ‘ [
2 V &
s ! 2
= 1-50 £
8 _ FF | PI R 8
— - > =]
~ - > 1-100
multi-pulse - - =
Viem —V
) 4-150
V 1gPl
= - : -200
15 20 25 30

Time (s)

FIGURE 17. Experimental result of the acceleration and deceleration
operation before auto-tuning.

The d- and g-axis currents are not controlled according to the
current commands in the FF control region.

Fig. 18 shows experimental waveforms and motor param-
eters during auto-tuning. Further, auto-tuning takes approxi-
mately 110 s. Fig. 19 shows the experimental waveforms of
the auto-tuning of the primary self-inductance. The primary
self-inductance is calculated during the no-load operation.
Fig. 20 shows the experimental waveforms during the auto-
tuning of the slip gain. The slip gain is adjusted based on the
primary angular frequency dependency of the g-axis output
voltage of the PI current controller during the acceleration
operation. The derivative of the g-axis output voltage of the
PI current controller becomes 0 V - s/rad in the steady state
after the auto-tuning of the slip gain. Fig. 21 shows the ex-
perimental waveforms during the auto-tuning of the leakage
inductance. The leakage inductance is adjusted based on the
primary angular frequency dependency of the d-axis out-
put voltage of the PI current controller during acceleration.
The derivative of the d-axis output voltage of the PI current
controller becomes 0 V -s/rad in the steady state after the
auto-tuning of the leakage inductance. Fig. 22 shows exper-
imental waveforms when auto-tuning the primary resistance.
The primary resistance is adjusted based on the g-axis output
voltage of the PI current controller during the acceleration
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FIGURE 18. Experimental result of auto-tuning.

operation. The output voltage of the PI current controller
becomes 0 V in the steady state after auto-tuning.

Table 4 lists the motor parameters after auto-tuning. Fig. 23
shows the experimental waveforms during the acceleration
and deceleration operations using the motor parameters listed
in Table 4. The seamless control of currents and voltages
is realized when the control mode is switched from the PI
control to the FF control; the d- and g-axis current deviations
and the output voltage deviation are zero. The d- and g-axis
currents are controlled based on the current commands in the
FF control region.

B. VERIFICATION OF THE CONVERGENCE OF PROPOSED
AUTO-TUNING METHOD

The convergence of the proposed auto-tuning and correction
gain calculation methods is verified experimentally. Table 5
presents the initial motor parameters. The DC-link voltage
is 200 V. The d- and g-axis current commands 4 A and 5.8
A. The experiments are conducted by changing the initial
secondary resistance Rps, and mutual inductance M, accord-
ing to the flowchart illustrated in Fig. 6. Each initial motor
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operation after auto-tuning.

TABLE 5. Initial Motor Parameter and Correction Gain for Convergence

Verification of Auto-Tuning

Symbol Quantity Value
Ris, Initial set value of primary 5.0Q
resistance
Ly, Initial set value of primary 100 mH
self-inductance
Ry, Initial set value of secondary -Q
resistance
Lo, Initial set value of secondary 125 mH
self-inductance
M, Initial set value of mutual -mH
inductance
(oLy)s, Initial set value of primary -mH
leakage inductance in FOC
(M?/L,)s, Initial set value of mutual -mH
inductance in FOC
K, Initial set value of slip gain - (1/s)
(reciprocal of secondary time
constant)
Ay, Correction gain of slip gain -
Ay Correction gain of leakage —0.172
inductance
Ag Correction gain of primary 0.172
resistance
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parameter for the IFOC is defined as

(Aiz) - MLOZ (48)
Ly ), Lo
MZ
(oLy)g, = Lisy — (—) (49)
Lo %
RZso
K, = -2 (50)
% L2S0

The correction gain Ak, is calculated as shown in (41).
Fig. 24 shows the verification results of the auto-tuning con-
vergence with respect to the initial secondary resistance and
mutual inductance. The motor torque becomes small for a
small secondary resistance so that the motor is not acceler-
ated. In this case, it is necessary to increase the secondary
resistance or the g-axis current command. The IFOC becomes
unstable because the leakage inductance becomes negative
for a large mutual inductance, according to (49). This case
is negligible because the leakage inductance is defined as a
positive value. The auto-tuning does not converge because
the correction gain Ak, becomes too large according to (41)
for a small mutual inductance, as described in Section I11-B.
Thus, auto-tuning converges by using the identified primary
self-inductance value as the mutual inductance value when
calculating the correction gain Ax,.

VI. CONCLUSION

Calculation methods for the correction gains for the proposed
auto-tuning method are proposed, and the convergence of
the proposed calculation and auto-tuning methods is veri-
fied. The motor speed changes gradually in inertial load-drive
applications, and therefore, the PI current controller voltage
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is proportional to the primary angular frequency and mo-
tor parameter errors. Thus, the proposed auto-tuning method
identifies motor parameters based on the primary angular fre-
quency dependency of the PI current controller voltage during
acceleration with an inertial load. The proposed method is
categorized as a method that estimates the motor parameters
by changing the frequency or motor speed. Auto-tuning does
not converge or takes a long time to converge when correction
gains for the proposed methods are inappropriate. Thus, in
this study, the calculation methods for the correction gains
for auto-tuning are derived from the relationship between
the PI current controller voltage, primary angular frequency,
and motor parameter errors. The proposed calculation meth-
ods for the correction gains are verified by the convergence
calculation and experiments. The proposed calculation meth-
ods allow the auto-tuning to converge fewer times by using
the identified primary self-inductance value as the mutual
inductance value when calculating the correction gain Ag,.
The acceleration and deceleration operations are seamlessly
realized because of the proposed auto-tuning. The sampling
frequency of the auto-tuning controller was 100 Hz in the
experiments. Therefore, the proposed method can be applied
to online auto-tuning for inertial load drive applications with
a low-computational-capacity controller.
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