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Abstract

The interior permanent magnet synchronous motor (IPMSM) has been widely used in electric vehicle applications due to its
excellent power to weigh ratio. This paper proposes the maximum torque control of an IPMSM drive using an adaptive learning
(AL) fuzzy neural network (FNN) and an artificial neural network (ANN). This control method is applicable over the entire speed
range while taking into consideration the limits of the inverter's rated current and voltage. This maximum torque control is an
executed control through an optimal d-axis current that is calculated according to the operating conditions.

This paper proposes a novel technique for the high performance speed control of an IPMSM using AL-FNN and ANN. The
AL-FNN is a control algorithm that is a combination of adaptive control and a FNN. This control algorithm has a powerful
numerical processing capability and a high adaptability. In addition, this paper proposes the speed control of an IPMSM using an
AL-FNN, the estimation of speed using an ANN and a maximum torque control using the optimal d-axis current according to the
operating conditions. The proposed control algorithm is applied to an IPMSM drive system. This paper demonstrates the validity of

the proposed algorithms through result analysis based on experiments under various operating conditions.
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I. INTRODUCTION

Recently, IPMSM drives has been widely used in many
applications such as electric vehicles, air conditioning
compressors and machine tool spindle drives due to their many
advantages such as high efficiency, high power density, high
torque-to-inertia ration, wide speed operation range and
maintenance free operation [1],[2]. They also have the
characteristic of high mechanical strength. However, the
operation from the constant torque region to the constant power
region is difficult because it has salient pole and an inefficient
air gap [3]. They can not obtain maximum torque and have a
very low speed range in the constant power region within the
fixed flux level. Therefore, the field weakening control, which
increases the speed and the generated maximum torque in the
constant power region, has been the subject of a lot of research
[4]-[9]. In these papers, magnetic flux information is needed to
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change the control mode from the constant torque region to the
constant power region.

A voltage compensator can reduce the performance of an
IPMSM when the magnetic flux weakens as a result of a
voltage error due to temperature increases and dc link voltage
changes [10]. Therefore, a novel approach that can be operated
efficiently in the high speed area and can smoothly change
control modes is needed.

Artificially intelligent controls such as fuzzy, neural network,
genetic algorithms and adaptive control are recognized as
important technique which can improve the performance of
power electronics systems. In addition, novel artificial
intelligent controls through a combination of these methods
have been used in various application which demanded
robustness and adaptability [11]-[15]. This paper proposes a
maximum torque control that will work in all of the operation
regions of an IPMSM drive by AL-FNN and ANN. The
AL-FNN controller controls the speed and outputs the
command g-axis current. The maximum torque control is the
calculated d-axis current according to the operation conditions,
and this current is used in each control mode. Furthermore, the
ANN controller is used for speed estimation.

To prove validity of the proposed algorithm, this paper
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Fig. 2. Torque-speed curve in forward motoring.
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proposes an analysis of the response characteristics under
various operation conditions such as command speed and load
torque changes.

II. SYSTEM CONFIGURATION AND OPERATION
STATE

A. Modeling

Fig. 1 shows an equivalent circuit of the d-q frame of an
IPMSM.

The differential equations for an analysis of the operation
characteristics of an IPMSM are expressed as follows:

piy = (v —Riy + @, Lyi, )/ L (1)
pi, = (v, —Ri, — o, Ly —@,4,)/ Lyn )
pwr = (Te _TL - Bwr)/‘] (3)

The electromagnetic torque is expressed as follows:
T, =2 Pl + (L~ L @)
2

B. Operating state
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Fig. 3. Current locus in g —iq plane.

Fig. 2 shows the torque—speed curve in forward operation.

The operation regions of the forward motor classify the
constant torque region (CTR) and the field weakening region
(FWR). The CTR is mode I. Mode I is operated with PWM,
the stator flux and current are constant, while the voltage
changes. The FWR has two areas. Mode II is constant power
region, the voltage and current are constant, while the torque
and flux are reduced. Mode III is the voltage limit region, the
voltage in this region is constant. The stator current, torque and
magnet flux are reduced.

Fig. 3 shows the current trace in the Iy —I; plane about the
limit conditions of the current and voltage.

Mode I : The current limit region by the constant maximum
torque (@, <®,)

Mode I is a low speed region that generates the maximum
torque which is operated under the optimal current angle and
current limit. This accords the A point Iy —i, plane and the

torque trace is a closed constant current circle. The voltage
limit is defined as the maximum speed in mode 1. This region
is operated with the maximum torque per ampere (MTPA)
control.

Mode 1II
(0, <o, < w,)

The current and voltage limit region

In mode II, the motor is operated from A point to B point
following the constant current limit circle. The speed in this
region is increased because the size of the constant voltage
ellipse is decreased.

Mode 111 : Voltage limit region (@, < ,)

If the speed is increased then the current is decreased. In this
case, to generate current, a constant voltage is not enough. The
motor is operated under the optimum condition that is a closed
torque trace to a constant voltage ellipse. In other words, the
torque is maximized in each value about the speed over B
point.
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Fig. 4. Control block diagram of drive system in CTR.

III. MAXIMUM TORQUE CONTROL

A. Drive in CTR
The CTR is operated from O to A in Fig. 3. The speed is
extended from zero to the rated speed. The IPMSM uses the

reluctance torque because it has Ly <L, because of its salient

pole structure. In the CTR region, the current vector is
controlled for generating the MTPA.
The stator current and voltage are expressed as follows:

Vi +Vg =V, Q)
ig +ig =] (6)
The condition of the maximum torque control is expressed

as follows:

oT,
Ze_0
i %)

i; is expressed as follows by (7).

2
iy = # - Y S +i;
2(L,-Ly) VAL -Ly)

®)

Fig. 4 is a system block diagram of an IPMSM drive

B. Drive in FWR

1) Voltage and current limit region (o, <@, <w,): This
region is operated according to the constant current circle from
A to B in Fig. 3. A condition of the current and voltage is
expressed as follows:

Vi, =4Vao +Vgo <Von ©)

ly =i Tioy <oy (10)

(1) and (2) are expressed as follows by (9).

Vio =~ Lqiq (11)
Vo = @, Lyiy + o, 0, (12)
Vom :Vam - Rlam (13)

The relation of id and iq in FWR region can be derived
using (9) and (11)-(13).

6 1 N2 .
Iy ===+ — =5 = (L) (14)
L L e
where ‘iq‘ NVow N0, Ly), e, Vdo‘ <V,,.

If the motor is operated in a FWR exceeding the rated speed
then i is controlled by using (14) in the block diagram of Fig.
4.

2) Voltage limit region (@, < w,): This region is considered
to be a term of two. Fig. 5 shows the operation mode of the
motor. Fig. 5(a) satisfy the term of @, <Lyl . If the speed is
above @, then the motor is operated form B to C. Fig. 5(b)
shows the term of ¢, > Lyl and the voltage limit trace
exists outside the constant current circle. Operation in this
region can not be achieved and so region of mode III does not
existed.

If the operating mode is satisfied by a term of Fig. 5(a) than
the trace of the constant maximum torque in each operating
point is formed tangent to the direction of a V, /@, ellipse
and satisfies the condition of the follwoing:

Mo _y, W /@) _ (15)
Ol Ol

iy is expressed as follows:

L L L E G LT

o 2Ly (L - L)

i; of mode IIT in the FWR region is controlled using (16) in
the system block diagram of Fig. 4 [9].
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Fig. 6. The construction of FNN.

IV. DESIGN OF THE AL-FNN CONTROLLER

A. Design of the FNN Controller

The FNN controller is compounded from fuzzy and neural
network control. It has the robustness of fuzzy control and the
adaptability of a neural network.

Fig. 6 shows the FNN controller, where the two input
variables are the speed error €, and the change in the speed
error C€ respectively. The one output is control value is U .

1) Implementation of the Antecedent Parts of the FNN
Controller: The neural networks between the layers A, and

A, in Fig. 6 show the implementation of the antecedent parts

of the fuzzy rule.
The error function is expressed as follows:

E =%2(Ti -0,)’ (17)

i=0

Where, r is the number of clusters, T, is a function to
determine whether a certain input data belongs to the desired
cluster or not, and O, is the output of the neuron at layer A, .

After defining the error function, to minimize the error, the
weights W, and W, between the layers A and A, are
adjusted by the error backpropagation algorithm. Through the

Voltage limit
“_trajectory

) ¢a>Lglom

471

weight adjustment, the neural network can completely

implement the antecedent parts of the clustered fuzzy rules.

O
AW, = —p—— =-n50
i naw,j 16,0, (18)
oFE
AW, =-7 W, =-no, X, (19)
Where o, =(T,—0)f'(U,) (20)
5= t'U )XW, @1

O, is the output of the neuron at layer A,, 7 is the
learning rate, f’() is the derivative of the sigmoid function,
and U; and U, are the total input to each neuron at the

layers A, and A, respectively.

Finally, to avoid vibration during the process of learning and
to improve the convergence speed, a new adjustment with a
momentum term as follows will be assumed.

W, (t+1) =W, (1) + AW, + W, (1) =W, (t -1)] (22)
W, (t+1D =W, () + AW, +a[W, (1) -W, (t-1)] (23)
where (0 <a <1) is the momentum term.

2) Implementation of the Consequent Parts of the FNN
Controller: In Fig. 6, the neural network between layers A,

and A, shows the implementation of the consequent parts of

the fuzzy rule. During the learning, the weight W, will be

adjusted to minimize the following error function.
.1 . )
E ZEZ(U -U) (24)

where U" and U represent the values of the desired and
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actual outputs of the FNN controller.
Using the generalized delta rule, the variation AW, of the
weight W, | which can minimize the error function (24) and

refine the consequent parts of the fuzzy rules, can be
determined as follows:

OE’
AW, = -n——=-10.0,
o = oy = 7100, (25)

ci

Wci (t + 1) = Wci (t) + AWci + a[Wci (t) _Wci (t - 1)] (26)

where O, is the error signal at the output of the FNN

controller.

B. Design of the AL-FNN Controller

Fig. 7 shows the AL-FNN controller for an IPMSM drive
system.

Fig. 8 shows structure of the AL-FNN controller using
adaptive control and a FNN.

The AL includes the fuzzy inverse model and the modifier
of the rule base. The speed performance of a drive system is
the decided error between the reference model speed and the
estimation speed. The reference model is a Ist-order delay
function.

@, (K) =, (k1) @7
em(kT) = w,, (KT)— &, (KT) (28)
cem(kT) =em(kT)—em(kT —T) 29)

The rule base of the FNN is changed according to P(KT) .
This change is realized through adjusting the membership
function of the FNN controller.

C,(kKT)=C,(KT =T)+ p(kT) 30)

The estimated speed of an IPMSM using an ANN can be
expressed as follows [16]:

&,(k+1)= b, (k) +Ad, (k)
— A _AW2(k)
=0, (k) -———

= c&(k)—%{%{iq(k)—i}(k)]{il (k —1)+%

d

} (1)

—cfiy (k) ~ 1, ()11, (K —1)}—%Aw2<k—1)
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where, T is the sampling period and 77 is the learning
coefficient. @ is decided influence of the past weight that is
changed by the existing weight.

The position of the rotor magnetic flux using the estimation
speed is expressed as follows:

0,(k+1)=6,(k)+T -, (k) (32)

Fig. 9 shows an overall block diagram of the maximum
torque controller with an AL-FNN controller proposed in this
paper. The operation mode for the maximum torque control is
divided in three regions. Mode I is the CTR operation, while
mode II and mode III are operated in FWR operation.

V. EXPERIMENTAL RESULTS

Fig. 10 shows the structure of the IPMSM drive designed to
prove the validity of the maximum torque control proposed in
this paper.

An IPMSM drive system is composed a digital control part
and a power conversion part. The digital control part is
composed of a pulse generation part to convert the PWM pulse
from the inverter output voltage computed in a DSP, and an
A/D conversion part to convert to digital the analog value of
the drive command voltage and current, part of the high speed
computing process using a DSP. In addition, the power
conversion part that operates the IPMSM through the on-off of
the IGBT with a power semiconductor by a PWM pulse is
composed. The IPMSM unites the DC motor, and the load
device is composed of a DC motor connected to an electron
load.

Fig. 11 and Fig. 12 show the response characteristic of the
maximum torque control and the l; =0 control when the

load torque is increased 4[N-m]during the step command the
speed is operated at 4000[rpm] in the no load condition. Fig.
(a) shows the command speed and the real speed, fig (b) shows
the d-axis current, and fig (c) shows the generation torque. The
maximum torque control reaches the steady-state more rapidly,
has a smaller overshoot and a shorter rising time than the

I, =0 control.
Fig. 13 and Fig. 14 show the response characteristic of the
maximum torque control and the |4 =0 control when the

command speed is decreased to 3000[rpm] from 4000[rpm].
The maximum torque control proposed in this paper has

excellent performance more than l; =0 although command

speed changing.
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Fig. 15 and Fig. 16 show the response characteristics of the
FNN and AL-FNN when the command speed is decreased to
2000[rpm] from 4000[rpm] under the no load condition. Fig (a)
shows the command speed, Fig (b) shows the d-axis current
and Fig (c) shows the generation torque. The AL-FNN exhibits
excellent performance such as a small overshoot, a fast rising
time and fast arrival at the steady-state.

Fig. 17 and Fig 18 show the response characteristics of the
various speed changes that that follow, O[rpm]—2000[rpm]
—4000 [rpm]—O0[rpm] under the no load condition. Despite
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the various speed changes, the AL-FNN controller is obtains
better performance than FNN controller.

Fig. 19 shows the maximum torque control when the load is
increased 4[N-m] during operation at 4000[rpm] under the
no load condition. The speed estimated using an ANN is
similar to the real speed.

Fig. 20 shows the response characteristic of a low speed of
40[rpm]. In addition, the speed estimation in the low speed
region shows excellent performance.

VI. CONCLUSIONS

This paper proposes maximum torque control using an
AL-FNN and an ANN for an IPMSM drive. The maximum
torque control calculates the optimal d-axis current according
to the operating conditions. Each control mode is controlled
using this current. The maximum torque control proposed in
this paper can obtain excellent response characteristics that are

better than the conventional |4 =0 method in various

conditions such as command speed and load torque changing.
In addition, the AL-FNN controller shows excellent response
characteristics that are better the than conventional FNN. The
speed estimation using an ANN shows satisfactory results with
an estimation error that is within 1%.

This paper achieved the maximum torque control of an
IPMSM using an AL-FNN controller, and it obtained
satisfactory result in speed control and estimation. Therefore,
the validity of the proposed controller is demonstrated by the
performance results.

APPENDIX
Motor data:
P=4, R =0.57[Q], ¢, =0.108Wb], f =60[Hz],
., =15[A] , V,, =120V] , L,=8725mH] ,
L, =22.8[mH], N =1800[rpm],and T =4N -m].
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