IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. , NO. ,

A Precise Model-based Design of
Voltage Phase Controller for IPMSM

Takayuki Miyajima, Student Member, IEEE, Hiroshi Fujimoto, Member, IEEE, and Masami Fujitsuna, Non
Member

Abstract—This paper presents a model-based design method of
voltage phase controller for IPMSM. The voltage phase controller
controls the torque with the output voltage phase only in high-
speed region where the inverter output voltage amplitude is
saturated. However, voltage phase control cannot achieve quick
torque response because it is designed in defiance of transient
characteristic. Due to the nonlinear characteristic between torque
and voltage phase, model-based design have not yet been carried
out. In this paper, a model-based design is proposed by the
linearizing the relationship between torque and voltage phase.
The analysis of the proposed model describes that the plant is a
non-minimum phase system. Simulation results and experimental
results show the effectiveness of the model-based design method
which uses the proposed model. Furthermore, the stable analysis
shows that the conventional design method has low bandwidth
due to an unstable zero of the plant.

Index Terms—IPMSM, voltage phase control, non-minimum
phase system, model-based design.

I. INTRODUCTION

PMSMs (Interior Permanent Magnet Synchronous Motors)

have been employed in driven systems of electric vehicles,
hybrid electric vehicles, and railway vehicles owing to high
efficiency and high power density. In order to reduce the size
and improve the efficiency of IPMSM, high speed operation
is desirable. However, in electric and hybrid electric vehicles,
dc-bus voltage is limited by the volume of the installed
battery pack. Increment of the battery pack is not preferred
considering its cost and vehicle mass.

Currently, boost converters are installed in commercial
vehicles to increase the dc-bus voltage of the inverter while
it requires a large and heavy reactor. In order to reduce
the volume of reactors and the loss of boost converters,
various methods have been studied [1]-[3]. Although the dc-
bus voltage is restricted by the dielectric strength of motors
and the withstand voltage of the inverter switching device, the
fundamental components of the inverter output voltage can be
increased by utilizing overmodulation range [4]. Furthermore,
flux-weakening control can extend the operating range of
IPMSM. In order to minimize copper loss, it is preferred to
apply flux-weakening control under maximum output voltage.

Quick torque response is a significant issue which can be
greatly contributed to electric vehicle motion control methods
[5], [6]. However, due to the inverter output voltage saturation,
quick torque response cannot be expected in flux-weakening

T. Miyajima and H. Fujimoto are with the Department of Advanced Energy,
The University of Tokyo, Chiba 277-8561, Japan (e-mail: miya@fujilab.k.u-
tokyo.ac.jp, fujimoto@k.u-tokyo.ac.jp).

M. Fujitsuna is with DENSO CORPORATION, Aichi 448-8661, Japan (e-
mail: MASAMI_FUJITSUNA @denso.co.jp).

region. This deteriorates vehicle motion control and vehicle
stability. Therefore, quicker torque control technique under
voltage amplitude saturation is essential.

In order to achieve quick torque response, feedforward
control approaches have been proposed. The model-predictive
control [7]-[10] determines control input which optimizes the
defined cost function such as torque tracking error. It can
easily consider the voltage limit. The authors proposed 2-DOF
control methods based on the perfect tracking control [11] and
the final-state control [12]. Since feedforward control cannot
suppress parameter variation, robust feedback control method
is necessary. The voltage limiter methods [13], [14] operate
current controller output so as to quicken its response. During
this operation, the current feedback loop becomes an open-
loop and stability is not guaranteed. The modulation index
feedback methods [15]-[17] modified d-axis current reference.
However, modulation feedback method cannot achieve quick
torque response because the modulation feedback loop is the
outer of the current feedback loop which has low bandwidth
due to voltage saturation.

During flux-weakening control, the voltage amplitude is
fixed and the control input is the voltage phase only. The
voltage phase control [18], [19] operates voltage phase directly
to compensate torque tracking error. However, the controller
gains are determined by trial and error because of its nonlinear
characteristics. The direct torque control with reference flux
vector calculation [20], [21] controls the torque using the ro-
tation angle of the stator flux vector. However it takes only the
relationship between torque and voltage phase on steady-state
into consideration. [22] proposed a linerized IPMSM model
under small voltage phase. Thus, it cannot consider IPMSM
characteristic precisely when the voltage phase is large. In
induction motors, transfer function between voltage phase
and g-axis current had been analyzed [23], [24]. However it
focused only on resonance peak of linearized transfer function
in order to design the torque reference filter of modulation
feedback system. Thus, the transient characteristic between
torque and voltage phase has not been discussed precisely
and model-based design have not yet been carried out. This
paper investigates the relationship between torque and the
voltage angle and focuses on voltage phase controller design
for IPMSM.

For model-based design, this paper presents the transfer
function between torque and voltage phase by using lineariza-
tion. An analysis of the proposed plant model shows that the
plant is a non-minimum phase system depending on operating
point. A non-minimum phase system is the system whose
zero is unstable [25]. Feedback control systems of a non-
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minimum phase system have the trade-off between undershoot
and settling time. This trade-off is an achievable performance
limitation of voltage phase control. The proposed design
method selects a PID controller as voltage phase controller
in order to place all closed-loop poles to arbitrary values
though these poles are slower than a zero of the plant to
avoid undershoot. Moreover, the proposed plant model enables
stability analysis of the conventional method which is designed
by trial and error. From root-locus analysis, this paper reports
that low bandwidth of the conventional method is caused by an
unstable zero of the plant. Simulation results and experimental
results in the linear range of an inverter show the effectiveness
of the proposed design method. Finally, simulation results and
experimental results verify that it can be applied to six-step
operation.

II. MODEL AND LINEARIZATION
A. IPMSM model
The voltage equations of IPMSM are represented by

©(t) = flz, u),
_R Lq va(u)
- [—ﬁd R ORI 1 (D
€Ly Ly L,
va(u) = =V4(t)sind(t), wv4(u) = V4(t)cosd(t), 2
a(t) = lia(t) i, w(t):=[Valt) @), O

where vq, vg, i4, %¢, L4, and L, are the d- and g-axis voltages,
currents, and inductances, R is the stator winding resistance,
we 1s the electric angular velocity, K. is the back EMF
constant, V, is the voltage amplitude, and 0 is the voltage
phase.

The torque 71" is described as

T(t) = Kmiiq(t) + Kriia(t)ig(1), )

where K, = PK., K, := P(Lq — L;), and P is the
number of pole pairs. Under the voltage amplitude saturation,
the control variable is the voltage phase only. From (1), (2),
and (4), the relationship between the torque and the voltage
phase is nonlinear. Therefore, for model-based design, the
authors derive the linear transfer function with linearization.

B. Linearization

The model-based design of the voltage phase controller is
difficult because the relationship between torque and voltage
phase is nonlinear. Therefore, for model-based design, a linear
plant model is derived by linearization.

At first, the voltage equation (1) is linearized. Consider the
equilibrium point (x,, u,) which satisfies f(x,, u,) = 0,
where u, = [Voo 6,]7 and @, = [igo igo)T. (1) can be
linearized around this equilibrium point by using first-order
Taylor series as follows:

d { Aig(t) } _ A[ Nig(t)

dt | Aig(t) A1) } + B[ AV, (1)
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The transfer functions from the voltage amplitude and the
voltage phase to the d- and g-axis currents are obtained by

[ = [Am0 0 ][9] ®
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APn(s) = s24+a1s+ag O
_‘za; coS 0, (s + L% + we tando)

APi5(s) = S ars fay , (10)
L%z cos d, (8 + L% + We tan50>

APy (s) = P , (11)
_‘2110 sin d, {s—l— Lﬂ — we tan (g — (50)}

APy (s) = = +;15+a0 . (12)

ay = E—i—ﬁ, ap = 7 + w2

Li L, LaL,

Secondly, the torque (4) is approximated to a linear function
as follow:

T=T,+AT,
= Kni(igo + Aig) + K (ido + DNig)(igo + Aiy),
AT = K,y DNig + K (Aigige + iaoAig + AigQAig), (13)

where T, is the torque at equilibrium point. Here, it is assumed
that AigAig can be neglected. (13) can be approximated as

AT ~ (K + Krtigo) - Dig + Kiyigo - Adg. (14)

Finally, the linear transfer function is derived. By substitut-
ing (9)-(12) into (14), the transfer functions from the voltage
amplitude and the voltage phase to the torque are given by

AT(s) = [APpi(s) APpa(s)] [ AA‘ga(iS)) } . as)
~ bruis+brio

APTl(S) - 82+CL18+(L07 (16)

APpo(s) = bra1s + brao (17)
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The proposed voltage phase controller design method uses the
linearized plant model APrs(s).

C. Analysis of linearized plant model

From the viewpoint of zeros, the characteristics of the
transfer functions from voltage phase to d- and g-axis currents
and torque are studied. The zeros are the roots of the transfer
function numerator polynomial. The zeros of APj5(s) and
APys(s) are represented by (18) and (19), respectively.

Z19 = —Ii—wetanéo. (18)

299 = —E + we tan (g — (19)

6) -
d

The voltage phase control operates within monotone increasing
range between torque and voltage phase. If the stator wind-
ing resistance R can be neglected, the average torque 7' is
represented by

- KoV, . V2 /1 1

T= oLy sm(5—|—2ng (Lq Ld)sm25
From this equation, the monotone increasing range is [ /2
m/2]. In the flux-weakening region, Lﬂ < we and 78 K
we. Therefore, during motoring mode (0 < 6, < = / 2),
APi5(s) and APs5(s) have a stable zero and an unstable
zero, respectively. On the other hand, under regeneration
(—7/2 < 0, < 0), APj2(s) and AP53(s) have an unstable
zero and a stable zero, respectively.

Here, the unstable zero is the zero which lies in right-half
plane. If the unstable zero is slow, it obtains large undershoot.
The stable zero is the zero which lies in left-half plane. Large
overshoot is given when the stable zero is slow.

The property between the voltage phase and the torque is
determined by the combination with these characteristics. A
zero of APprs(s) is expressed by —broo/bra1. However, it
is a complex nonlinear function of the operation point. Thus,
the value of the zero is given by numerical calculation. The
result is shown in Fig. 1. Here, Table I illustrates the nominal
parameters of the test.

As shown in Fig. 1, the value of the zero depends on the
operation point. Fig. 1(b) demonstrates that the plant has a
slow unstable zero at high-speed and high-torque region. On
the other hand, during regeneration at high-speed and high-
torque region, the plant has a stable zero.

(20)

TABLE 1
NOMINAL PARAMETERS UNDER THE TEST

R 140.2 mQ2
Lg 0.516 mH
Lyg 1.61 mH
K. 42.55 mV/(rad/s)
P 3
dc-bus voltage V. 36.0 V
maximum modulation index M, ax 1.15
base speed 1000 rpm

G ol )
3 uf L S
S 2 g
< o — 2800 rpm Z 0 —2800 rpm
© —20N: -=-2600 rpm @ -==2600 rpm
N 2400 rpm N 2400 rpm
-40r: 2200 rpm -5 2200 rpm
—6o+ — 2000 rpm — 2000 rpm
80 H 1800 rpm 10 /~ N\ 1800 rpm
32 1. o 1 2 3 o 1 2 3

Torque[Nm] Torque[Nm]

(a) the value of a zero (b) the value of a zero (zoom)

Fig. 1. A zero of APry under maximum modulation index.

The above analysis means that the voltage phase controller
has a trade-off between quick torque response and small
undershoot in high-speed and high-torque region.

III. CONTROL SYSTEM DESIGN

In this paper, the control system consists of three compo-
nents: the current vector control shown in Fig. 2, the voltage
phase control described in Fig. 3, and the control switch
structure. If the voltage amplitude is not saturated, the current
vector control is applied to the control system. At the operating
point on the voltage limit ellipse, the torque is controlled with
the voltage phase controller.

The conventional method uses a voltage phase PI controller
which is determined by trial and error. On the other hand,
the voltage phase controller of the proposed method is a PID
controller which is designed based on the precise plant model
APro(s). Briefly, the difference between the conventional
method and the proposed method is the design of voltage phase
controller only.

A. Current vector control

“MTPA control” in Fig. 2 generates the d- and g-axis
current references from the torque reference 7™ based on the
maximum torque per ampere (MTPA) control by using look-up
table. The coupling terms in (1) are rejected by the decoupling
controls which are represented by

21

valk] = vg[k] — we[k]Lqiq[K],
Vg (22)

[k] + we k] (Laialk] + Ke),

=Yy
where v/, and U:; denote the d- and ¢- axis current feedback
controller outputs, respectively.
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Decoupling Control

iy (K] )
——e PMSM i, " ial#]
* |Control INV. |fe[k] dq iq[K]
Fig. 2. Block diagram of the current vector control.
T[] _
Vamax— Voltage — 1P1\r+151\1 ik |uw, ial]
Calculator} o 1Ny [0e[k] | /dg iqlk]
Torque
Estimator
(a) conventional method
We [k] Equil)i:;::um /[I’u [k}
Vamax— Voltage :: IPI\_'[_SM iwlk] Juw iqlk]
T[] O Caleulator} o Ny, |0k | /dg i)
- | I —
Tk Torque
Estimator
(b) proposed method
Fig. 3. Block diagram of the voltage phase control.

The d- and g-axis current feedback controllers are designed
to be a plant-pole cancellation feedback control as follow:

Ligs+ R L,s+ R

Ca(s) = =——, Cyls) = ———,

TS TS

7 =1.0 ms, (23)

where 7 is the selected bandwidth of the current loop. The
discretized controllers Cy[z] and C,[z] by the Tustin transform
are applied to the control system.

When the voltage reference is saturated before switching to
the voltage phase control, it is limited as

- Valk]

‘/zl[k] — |‘>/a[[£¥ Va max

(IValK]| > Vamax)

(otherwise) e

where V, = [vg v,]T, V, is the limited voltage reference,
and V, max(:= \/3/72Mmadec) is the maximum voltage
amplitude. Here, \/3/72 is the coefficient to transform two-
phase into three-phase. Under voltage amplitude saturation,
an anti-windup control in [26] is applied.

B. Conventional voltage phase control [18]

The conventional voltage phase controller reported in Fig.
3(a) uses a PI controller which is expressed as

Kps+ Ky S+ wy

:KP )
S

Cspr = (25)

where K; and Kp are the integral and proportional gains.
These gains are determined by trial and error. By discretiz-
ing with Tustin transform, Cspy[z] is obtained. Then, T is
calculated from (5) using nominal parameters.

During the voltage phase control, constant voltage ampli-
tude V, max is given.

MTPA

curve
N

equilibrium point q—aixs

N fes T = const.
N (constant torque curve)
\

w‘ o

voltage limit ellipse

(a) An equilibrium point

= To, k
= Uo, k

F(@o, ki1, o, k11) =0
— Wo, k+1

(b) The flow sheet of the equilibrium point
search scheme

Fig. 4. An equilibrium point for the proposed voltage phase controller design.

C. Proposed voltage phase control

The voltage phase controller of the proposed method is
designed with the precise plant model A Prs(s). However, this
model is derived around an equilibrium point. The voltage
phase controller is used during the voltage amplitude satu-
ration. Thus, the equilibrium point is an intersection of the
voltage limit ellipse and the torque constant curve as shown
in Fig. 4(a). Although this intersection cannot be easily derived
because of high order polynomial equation, it can be calculated
with the Newton-Raphson method.

The flow sheet of the equilibrium point search scheme in
Fig. 3(b) is described as Fig. 4(b). This algorithm can be
represented by

Lo, k+1 = -’Bo, E+ ‘I’il(mo, k) N w(mo, k)a (26)
_ [ 9(=0) _ 0d(@,)"
d’(wo) = |: h(QZO) :| » \Il(mo) = oz, y
9(x0) = V2 o — {Rigo + we (Laiao + Ke)}2

— (Rigo — weLgigo)® =0, (27)

h(xo) =T — Kmtiqo - Krtidoiqo = Oa (28)

where x, ; denotes the solution after k-th time iterating,
g(x,) means the voltage limit ellipse, and h(x,) is the
constant torque curve which satisfies torque reference. This
scheme calculates (26) once during one sampling time and
stops the iteration when |¥(z, )| ~ 0. If ig, k41 > 0, the
scheme limited as ¢4,, r+1 = 0. Here, the initial value x, ¢
is given from the current references during the current vector
control. u, is also determined by f(x,, u,) = 0.

In the proposed design method, in order to place all closed-
loop poles to arbitrary values, a PID controller is selected as
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the voltage phase controller. The PID controller Csprp(s) is

designed by pole placement using the plant model A Ppy(s)

which is around the calculated equilibrium point as follows:
Csprp(s) is given by

bc252 + be1s + beo

K
O = K _— =
sp1D(8) p+ P + R—

(29)
The closed-loop characteristic equation is represented by
L+ APra(s)Csprp(s) =0,
s*+ (a1 + ac1 + beabrar)s®
+ (ao + acrar + berbrar + beabrag)s”
+ (@c1a0 + beobrat + be1brao)s + beobrao = 0. (30)
Consider the desired closed-loop polynonimal described by

s4+0353+6252+cls+00 =0. a3

By equating the coefficients of (30) with ones of (31), the
coefficients of Csprp(s) can be designed as follows:

brai(c1 — beobrar — apcs + apar)
2
—brao(c2 —ap — aras + ay)

beo =
? —aob%gl - bT20(bT20 - ale21)
bey — c1 + aplar — ¢3) + brai(aobe — beo)
¢ br20 ’
€o
beg = ——,
O™ brao

ac1 = €3 — braibea — as.

By discretizing Cspyp(s) with Tustin transform, Csprplz]
is obtained. Every time the plant model A Ppy(s) is changed,
Csprp(s) is redesigned. The parameters of A Pry(s) vary de-
pending on the operating point, namely, the proposed voltage
phase controller is a variable gain controller.

D. Controller switch structure

The switching condition from the current vector control to
the voltage phase control is based on torque tracking error.
If this torque response T takes longer than intended torque
response 7,7, the controller switch structure switches to the
voltage phase control. (32) describes the sum of the difference
ern between T and T'. Here, ep(:= T* —T'[k]) is the torque
tracking error.

er, + Yi [k - 1] (Va > Vamax
Yi[k] = & sgn(er)er, > 0) (32)
0 (otherwise)

As shown in Fig. 5(a), right after Y7 exceeds the baseline X1,
the voltage phase controller starts to work. After switching to
the voltage phase control, in order to suppress the discontinuity
of control input, the voltage phase at the last sampling time
of the current vector control is given as feedforward input.
On the other hand, the switching condition from the voltage
phase control to the current vector control is based on the
value of d-axis current. The intersection of the constant torque
curve and MTPA curve exists inside voltage limit ellipse, if
1y — iq > 0 where ¢} is the d-axis current reference under

1 / n - 1
y \ T qa / H E
Xl """"" : XS ------ E- -1
o/ L
Switch Switch
(a) Switch to voltage phase control (b) Switch to current vector
control

Fig. 5. Switching condition.

the current vector control. It means that the torque reference
can be achieved by the current vector control. Therefore, the
control system is switched to the current vector control. (33)
expresses the sum of the d-axis current error eq(:= i — iq)
under smaller torque tracking error than Xo.

Yalk] = eqa+Yalk—1] (ler] < X2 & eq4 <0)
2700 (otherwise)

If Y, is smaller than the baseline X3, the voltage phase
controller is applied to the control system. At this point, in
order to prevent discontinuity of control inputs, the initial state
variables of the current feedback controllers are compensated
from the voltage phase controller output as follows:

(33)

l’fbd[k} + ].} = — V4 max Sin 5[]{3] + weLqiq

— Dyeacalk] + Byoacalk] (34)
Tfpglk + 1] = Vamax cos 0[k] — we(Lgiq + Ke)
— Dogeqlk] + Brogeq[F] (35)

where Byyq, Brpg, Dypd, and Dyp, are B and D matricies
of d-axis and g-axis current FB controllers, xfpq, Tfpq are
state variables of FB controllers, e;q, €;, are d-axis and g-axis
current error between current and current reference of MPTA
control.

In this paper, X1, Xo, and X3 are determined by trial and
error. Both the conventional method and the proposed method
use the same control switch structure.

IV. STABLE ANALYSIS OF CONVENTIONAL VOLTAGE
PHASE CONTROLLER DESIGN METHOD

Conventionally, the stability of voltage phase controllers
could not be analyzed because a model was not constructed.
Thanks to the precise plant modeling in Section II, stability
analysis of voltage phase controller is enabled. This section
examines a problem of the conventional voltage phase con-
troller design method using root-locus method.

From the open-loop transfer function APra(s)-Cspr(s), the
root locus can be sketched. Fig. 6 reports the root-locus under
the motoring mode (3 Nm, 2000 rpm). At this operating point,
the plant has an unstable zero. Fig. 6(a) and Fig. 6(b) show that
a real closed-loop pole gets faster by increasing Kp and wyz.
However, the complex conjugate closed-loop poles move to
right half-plane because the plant has an unstable zero. Thus,
a voltage phase PI controller cannot achieve high bandwidth.
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Fig. 6.
Z€ero).
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Fig. 7. Root locus of the conventional method (-3 Nm, 2600 rpm, stable

Zero).

On the other hand, the root locus under regeneration (-3
Nm, 2600 rpm) can be described in Fig. 7. The plant has a
stable zero. Fig. 7(b) denotes that the increment of w transfers
the complex conjugate poles and a real pole to infinity on
right half-plane and a stable zero, respectively. Although this
is much the same with the motoring mode, the root locus as
K p varies is different as shown in Fig. 7(a) because the plant
has a stable zero. It means that if the plant has a stable zero,
high bandwidth voltage phase PI controller can be designed.

Based on the above root-lous analysis, the conventional
voltage phase design method cannot achieve high bandwidth
due to an unstable zero. On the other hand, the proposed design
method has an advantage of arbitrarily placing the desired
close-loop poles.

V. SIMULATION

The proposed design method is evaluated firstly by simula-
tion results. The parameters under simulations are the same as
Table I. The sampling period is 0.1 ms. The parameters of the
control switch structure are as follows: X; = 40, X5 = 0.1,
X3 = —80, and the torque reference that goes through low-
pass filter whose time constant is 5.0 ms is given as the desired
torque response 1.

The gains of the conventional voltage phase controller are
determined by trial and error so that the transient response
becomes small damped oscillation. The control gains are
Kp =0.001 and K = 30.

The plant poles are expressed by

R/1 1
o = =)+
2<Ld+Lq) J
(36)

In high-speed region, the plant has fast complex conjugate
poles. All closed-loop poles should be faster than the plant

b1, P2 =

0

Torque[Nm]
Voltage phase[rad]

0 40 80 120 160 0 40 80 120 160
Time[ms] Time[ms]
(a) Torque (b) Voltage phase
Fig. 8. Simulation result 1 (1600 rpm, conventional method, linear range).
3. 1
—T
B e
: --SW. =
2.5] : E 0.5}
£ 7 ]
S 15f1 : | 0
g : : ®
R St g
osf 4 : S-o05
o= Lk
-0.! -1
0 40 80 120 160 0 40 80 120 160
Time[ms] Time[ms]
(a) Torque (b) Voltage phase
20, i
) § TR
10)
Z
g
S 0
O
—5|
-10
-1
0 40 80 120 160
Time[ms]
(c) Equilibrium point
Fig. 9. Simulation result 1 (1600 rpm, proposed method, linear range).

poles. However, fast closed-loop poles cause undershoot be-
cause the plant is a non-minimum phase system. Therefore, at
the high-speed region, the proposed method places all closed-
loop poles on a circle which goes through the plant poles and
has a center at the origin. The real parts of two closed-loop
poles are set at -550 rad/s and the real part of the others are
placed at -350 rad/s.

Fig. 8 and Fig. 9 show step torque responses at 1600 rpm.
Here, the “SW” represents the mode of controller. When the
SW is “high”, the voltage phase control is applied. On the
other hand, the current vector control is applied when the SW
is “low”.

In the conventional method, the gains are small. Therefore,
the torque response is hardly oscillated but very slow. On
the other hand, the proposed method operates voltage phase
quickly as shown in Fig. 9(b). Thus, it achieves quick and
no oscillation response. Fig. 9(c) shows the equilibrium point
search scheme output. After switching to the voltage phase
control, the scheme search an equilibrium point at torque
reference quickly.

Fig. 10, Fig. 11, and Fig. 12 describe step torque responses
at 2000 rpm. According to this simulation, torque is controlled
by voltage phase controller only.

In Fig. 11, the integral gain is changed to be K; = 55. As
a result, torque response is oscillated. This result corresponds
with the root-locus analysis in section IV. In contrast, the
proposed method shortens the setting time and oscillation
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Fig. 10. Simulation result 2 (2000 rpm, conventional method, linear range).
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Fig. 11.  Simulation result 2 (2000 rpm, high gain conventional method,
K = 55, linear range).
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Fig. 12.  Simulation result 2 (2000 rpm, proposed method, linear range).
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Fig. 13.
range).

Simulation result 2 (2000 rpm, constant gain PID controller, linear

is eliminated. From Fig. 12(d), when torque reference is
changed, equilibrium point converges quickly and the con-
troller is redesigned for torque reference appropriately. How-
ever, overshoot occurs at about 90 ms. The proposed method
designs controller around torque reference. Therefore, when
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Fig. 14.  Simulation result 3 (2500 rpm, conventional method, six-step
operation, Mmax = 1.27).
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Fig. 15. Simulation result 3 (2500 rpm, proposed method, six-step operation,
Mmax = 1-27)~

step torque reference is obtained, modeling error ours at the
beginning of response. This modeling error deteriorates the
sensitivity function peak and causes overshoot but quicker
torque response is achieved by the proposed method in com-
parison with the conventional method.

Fig. 13 shows the simulation result of the constant gain
PID controller. This controller is designed by a precise plant
model APrs at a constant equilibrium point (1600 rpm, 3
Nm). Therefore, there is large modeling error at 2000 rpm
and the settling time of the constant gain PID controller is
larger than that of proposed variable gain PID controller. The
effectivess of equlibrium point search is confirmed.

Torque responses during six-step operation are shown in
Fig. 14 and Fig. 15. The proposed method achieves the
same quick torque response with linear range. Therefore, the
proposed design method is applicable to six-step operation.

VI. EXPERIMEMNT

Experiments were conducted under the same condition as
simulations. Fig. 16 shows the experimental setup. In this
experiment, the torque meter is not used for evaluation because
it is low bandwidth. A LPF with time constant of 1 ms is
utilized to avoid velocity resolution in the proposed voltage
phase controller design.

The torque responses of the conventional method and the
proposed method are reported in Fig. 17 and Fig. 18, respec-
tively. The speed is 1600 rpm. After switching to the voltage
phase control, the proposed method has no oscillation and
quick torque response.

The experimental results at 2000 rpm are shown in Fig.
19, Fig. 20 and Fig. 21. Torque response of the conventional
method is oscillated by increasing the integral gain. From
these results, the problem of the conventional method and the
effectiveness of the proposed method are confirmed.
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Fig. 17. Experimental result 1 (1600 rpm, conventional method, linear range).
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Fig. 18. Experimental result 1 (1600 rpm, proposed method, linear range).

Fig. 22 describes the experimantal result of the constant
gain PID controller which is designed by a precise plant model
APrpy at a constant equilibrium point (1600 rpm, 3 Nm). The
settling time of constant gain PID controller is getting longer
by equilibrium point change. On the other hand, the proposed
variable gain PID controller compensates modeling error by
using equlibrium point search.

Finally, the experimental results in six-step operation are
represented in Fig. 23 and Fig. 24. The proposed design
method achieves high performance in both linear range and
overmodulation range.

VII. CONCLUSION

In order to achieve high bandwidth control under voltage
saturation, this paper proposes a model-based voltage phase
controller design method for IPMSM. Detailed analysis of
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Fig. 19. Experimental result 2 (2000 rpm, conventional method, linear range).
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Fig. 20. Experimental result 2 (2000 rpm, high gain conventional method,

K = 55, linear range).
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Fig. 21. Experimental result 2 (2000 rpm, proposed method, linear range).
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Fig. 22.  Experimental result 2 (2000 rpm, constant gain PID controller,

linear range).

the proposed precise plant model shows that the relationship
between torque and voltage phase is a non-minimum phase
system depending on the operating point. Due to this charac-
teristic, the conventional method cannot achieve quick torque
response. In contrast to the conventional method, the proposed
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23.  Experimental result 3 (2500 rpm, conventional method, six-step
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24.  Experimental result 3 (2500 rpm, proposed method, six-step

operation, Mmax = 1.27).

method can place arbitrary closed-loop poles by model-based
design. The simulation results and experimental results verified

the

effectiveness of the proposed method in both linear range

and six-step operation.
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