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Abstract-An electrical loss minimization strategy for interior
permanent magnet synchronous motor drives is proposed in this
paper. Until now a Look-up Table based maximum torque per
armature current control strategy was proposed by authors.
That is a control to minimize copper losses. Meanwhile, the
efficiency deteriorates as a result that the iron losses increase
sharply in high speed area. In this paper, a model considering
iron losses is discussed and the relationship between the
electrical losses and d-q axes current, motor torque, motor speed
is clarified at first. Next, measurement experiments are made to
prove that there is an optimal armature current phase which
minimize the electrical losses for given motor speed and load
torque. The current vector trajectories at which the copper
losses will be minimal or the electrical losses will be minimal are
given. Then, a Look-up Table based electrical loss minimization
strategy is proposed. The driving efficiency with i, =0 control,
maximum torque per armature current control and electrical
loss minimization control are compared with experiment results.
The effectiveness of the proposed control is verified by
experiments.

l. INTRODUCTION

The concerns over global environmental problems, such as
increased CO2 in the atmosphere, have prompted researches
for vehicles free from fossil fuel resources. Electric vehicles
(EV) play an important role in the solution to energy and
environmental problems. Besides being environment-friendly
and requiring small parking space, electric scooters contribute
a lot to the reduction of traffic congestion because of their
small space on the road. From an environmental point of view,
electric scooters are excellent vehicles. Recently, the electric
scooters industry is growing very rapidly in China. The
possession number of electric scooters in China is over 50
million in 2008 [1]. It will be possible that electric scooters
will be spread not only in China but also in worldwide in near
future.

On the other hand, the driving distances per charge of EV
are not long enough to meet the needs of users now. Because
the number of on-board batteries of an electric scooter is
limited, it is very important to realize high efficiency.
Permanent magnet synchronous motors (PMSM) tend to
become the mainstream for EV because of their high power
density and small-sized drive systems [2]. Furthermore,
interior permanent magnet synchronous motors (IPMSM)
have been increasingly developed and widely used to meet
the high efficiency and performance requirement. Because of
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high  energy density permanent magnets are implanted
structurally, IPMSM have good mechanical intensity as well
as the ability to produce reluctance torque in addition to the
magnet torque.

It is known from the relation between motor torque and
armature current phase that there is an optimum current phase
at which the maximum motor torque is reached for a given
armature current. This means it is a condition of generating
torque most effectively for a given armature current. Until
now a Look-up Table based maximum torque per armature
current control strategy was proposed by authors [3].
However, it is a control to minimize copper losses because
the armature current is minimized for a given load.
Meanwhile, the efficient deteriorates as a result that the iron
losses increase sharply in high speed area.

The optimal direct-axis current can be calculated by
differentiating the relation between the electrical losses and d-
g axes current, motor torque, and motor speed according to
the motor torque and speed [4]. However, in the case of
L= L, » for example, in the case of an IPMSM with

magnetic saliency, it is very difficult to solve the equations
and it seems impossible to obtain the closed solutions. Even
an approximate solution is derived [5], it seems to be difficult
to finish the calculation in a control period. Otherwise, an
online loss minimization control [6] was proposed. In this
method, the optimal armature current phase is calculated
online with motor parameters. The variation of the motor
parameters in operation will make a difference in efficiency.
In this paper, a model considering iron losses is discussed
and the relationship between the driving efficiency and d-q
axes current, motor torque, motor speed is clarified at first.
Next, measurement experiments are made to prove that (1)
there is an optimal armature current phase which minimize
the copper losses, (2) there is an optimal armature current
phase which minimize the electrical losses for given motor
speed and load torque. The current vector trajectories which
are used as the Look-up Table (LUT) are given. Using the
optimum current phase in LUT as the references of the
driving control, the copper losses will be minimal or the
electrical losses will be minimal. The driving efficiency for
i, =0 control, maximum torque per armature current control

and electrical losses minimization control are compared with
experiment results. The effectiveness of the proposed control
is verified by experiments.
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Il. MATHEMATICAL MODELLING OF IPMSM
CONSIDERING IRON LOSSES

The equivalence circuit in which the iron losses are
approximately described by an equivalent resistance R_ is

shown in Fig. 1.
With reference to Fig.1, the voltage equations of IPMSM
are shown as,
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Fig. 1. Equivalent circuits with iron-core losses [7].
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The electrical losses W, . .can be given as,
Wloss :Wc +Vvi (8)
where,
I, Armature current (=i, |= iyt + iq2 )
P, Number of pole pairs
¥, Total interlinkage magnetic flux
¥ Permanent magnet flux

a

R, Armature winding resistance
R, Iron losses resistance
Ly, L, d-and g-axisinductances

ig,i d - and g-axis components of armature current

iegr1eq 0 - and g-axis components of iron losses current

If iron losses can be neglected, (5) can be written to (9),
1 .
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Here, g is the current phase shown in Fig.2.
The optimum current phase g _, at which the maximum

motor torque [7] is reached for a given armature current, can
be derived from the derivative of T with respectto 3 in (9).
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If the current phase is controlled to be g, the armature

current will be minimized for a given load torque and the
copper losses will be minimal.

When iron losses are considered, from (5), ioq can be

1

(10)

L., =sin"

expressed as a function of torque T and current i 4. So the
electrical losses can be expressed as a function of torque T

current iOd and speed @ from (6) (7) and (8). It can be shown

as bellow,
Vvloss ’iod'w):Wc(T'iod*w) +\Ni(T'iod'a)) (11)
From (11), it is known that at given torque T and speed o

the electrical losses depend on the direct-axis current i,

only. So the electrical loss minimization condition at steady
state for given torque T and speed @ condition can be
obtained by,
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Fig. 2. Vector diagram of IPMSM.



To solve (12), the optimal direct-axis current iOd can be

obtained. Thus the electrical losses can be minimized by
control the direct-axis current. However, in the case of

L =L, for example, in the case of IPM with magnetic

saliency, it is very difficult to solve (12) and it seems

impossible to obtain the closed solution of 1,4 . Otherwise

from (13), it is known that when the electrical losses are
minimized, the driving efficiency 77 can reach maximum.
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where, W is the mechanical losses.

(13)
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Il. PROPOSED CONTROL STRATEGY
In order to make the problem simple, the A shown in fig.2

is used to instead of the iOd in the proposed strategy. The
proposed strategy is shown with steps A and B as below.

A Measurement Experiments of Relationships between
ﬂtO Iavﬁto Wloss

For a given load torque T the amplitude of armature
current |a to different current phase references g* can be
measured. Furthermore, for a given load torque T and a
given speed o the electrical losses Wmssto different current
phase references g* can be measured. The block diagram of
the measurement is shown in Fig. 3. The experiments are
made with a motor-generator set, the load is a DC generator
connected with a variable resistance load. In order to keep the
load torque and motor speed constant as the given load torque
and speed during every measurement, a speed controller is
included. Specifically, (9) can be rewritten to (14) and (11)
can be rewritten to (15),

Ia_kl = fk (Tklﬁkl*) (14)

Wigss it = i (T, [Ol,ﬂkil*) (15)

where the subscript "k" means the k -th load torque, "i"
means i -th speed and "I" means the 1 -th g". When

references B is set to g, B B, -+ the
Ia_kl‘ Ia_k2‘ e Ia_km and the Wloss_kil‘ Wloss_kiz !
s Wy i can be measured. Using polynomial

approximation for I, , and W, , (1=12,., m)

Fk and g,; which are the approximate expression of f,

and g, can be obtained. The optimum current phase g,  at
which I, is minimal can be derived from the derivative of

Fk with respect to ﬂk*. The optimum current phase g

ei_m

at which the electrical losses W, .. is minimal can be derived

loss

from the derivative of g ; with respect to B -

With the measurement experiments, the following items
can be verified,
e There is an optimal g, _ where the armature current is

minimal for a given motor torque
e Thereisanoptimal g, where the electrical losses are
minimal for a given motor torque and a given speed.

B  Electrical Loss Minimization Control

From the measurement experiments it is known that
f, and Q,; are unimodal functions between g, to g,
and g, to g, . So a minimum value exists between g to
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Fig.3. Block diagram of measurement experiments
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Fig.4. Block diagram of the electrical loss minimization control
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Fig.5. Block diagram of the armature current minimization control

B OF By 10 B, for k -th load torque and i -th motor speed.

The block diagram of the proposed electrical loss
minimization control strategy is shown in Fig. 4. In this
strategy, the current phase reference 3~ is created from the
LUT2 developed in section A according to the load torque
and the motor speed. Otherwise, the block diagram of the
armature current control is shown in Fig. 5. Here, the current
phase reference p” is created from the LUT1 developed in

section A according to the load torque.

EXPERIMENTAL SETUP

In the experiments hardware setup, an IPMSM for electric
motorcycles is used as a control object and a DC generator
connected with a variable resistance load is used as the
IPMSM’s load. Their specifications are shown in Table I. The
d — and g — axis inductances are measured at stand still
condition using a LCR meter. The IPMSM-DCG set is shown
in Fig.6. The DC generator used as a variable load is shown
in Fig.7.

The control system set up shown in Fig.8 consists of
inverter and MOSFET module (FM600TU-3A, by
Mitsubishi). The inverter is composed of power board,
control board, interface board and gate board. The SH7047 is
used as a CPU on the control board.

[ Torque Meter

L 3

Fig.6. IPMSM-DCG set
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Fig.8. Control systerﬁg\g\
TABLE |
SPECIFICATIONS OF IPMSM-DCG SET

Test motor
Type: IPMSM | L, 0.193[mH]
Rated power: ssow] | L, 0.361[mH]
Number of pole pairs: 2 R, 0.0374[Q]
¥, 0.042(wb] | R 50[Q]

Load generator

Type Separately excited DCG

Rated power 1[kW]

Rated speed 5000[rpm]
V. EXPERIMENTAL RESULTS

A Results of the Measurement Experiments

The measurement experiments for |a - S (Fig.9) are

performed as follows,
1. The test IPMSM is operated in a load condition.
2. 1, is measured for every A" which is set from 0° to

25° with every 5°.
3. Inthe neighborhood of the minimum of |, B~ is set

with every 1° for additional measurements.
4. Plot | with respect to B~ and using polynomial

approximation and minimal derivation, the optimum
current phase g, is obtained.

5.  Repeat 1 to 4 for other load conditions.



The measurement experiments for W|OSS- £ (Fig.11 and
Fig.12) are performed as follows,

1. The test IPMSM is operated in the given load torque
and motor speed.

2. loss IS measured for every B which is set from
0°to 25° with every 5°.

3. In the neighborhood of the minimum of W, loss ,B
is set with every 1° for additional measurements.

4. Plot W, with respect to /3 and using polynomial
approximation and minimal derivation, the optimum
current phase f3,, are obtained.

5. Repeat 1 to 4 for other load torques and motor speeds.

Because a DC generator connected with a variable

resistance load is used as the test IPMSM’s load, the speed
feedback control is necessary to keep the load torque
constant during the measurement. The control block
diagram is shown in Fig.3.

The measured |- 4 and W, - /3 characteristics and the

fitted curve are shown in Fig. 9, Fig. 11 and Fig. 12. The
measured current vector trajectory at which the armature
current will be minimal for a given load torque are shown in
Fig.10 (LUT1). The measured current vector trajectory at
which the electrical losses W, will be minimal for a given

load torque are shown in Fig.13 (LUT2).
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Fig.10. Measured current vector trajectory at which the armature current
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B  Results of the Proposed Electrical Loss Minimization
Control

The verification experiments of the proposed electrical loss
minimization control are performed. The load resistance is
adjusted to set up the load torque. The motor speed is
controlled by the speed controller. The test IPMSM is driven
under three control strategies. (A) The armature current phase
reference 3" is set to 0 to achieve i, =0 control. (B) The

armature current phase reference g” is created from the

maximal torque per armature current control using LUT1
developed in experiment A. (C) The armature current phase
reference  B" is calculated from the electrical loss

minimization control using LUT2 obtained in experiment A.

A driving efficiency comparison of (A), (B) and (C), when
the IPMSM is driven in the case of load torque T=1.1N-m
when motor speed N=5000rpm, T=1.8N-m when N=3000rpm
and T=3.7N-m when N=1500rpm, are shown in Table II.

TABLE I1.
DRIVING EFFICIENCY COMPARISON OF (A), (B) AND (C)

Load diti T=1.1N-m, T=1.8N-m, T=3.7N-m,

oad condition 5000rpm | 3000rpm 1500rpm
7 [ (B =0) 915 91.2 01
%]
(B =Py from LUT1) 93.1 935 938
nn %l
(B =P, from LUT2) 94.2 93.9 93.8

The results show that the driving efficiency is maximal when
the test IPMSM is driven under the electrical loss
minimization control. Because the L, and L, of the test

IPMSM are small, about one-tenth of the normal one, the
differences of the efficiency between the electrical loss
minimization control (with LUT2) and the maximal torque
per armature current control (with LUT1) are no so obvious. It
is because the dependence of iron losses on current phase is
not so obvious especially during low to middle speed range.

V. CONCLUSIONS

In this paper, a model considering iron losses is
discussed and the relationship between the electrical losses
and d-q axes current, motor torque, motor speed is

clarified at first. Next, measurement experiments are made
to prove that (1) there is an optimal armature current phase
which minimize the copper losses, (2) there is an optimal
armature current phase which minimize the electrical losses
for given motor speed and load torque. The current vector
trajectories which are used as the Look-up Table (LUT) are
given. Using the optimum current phase in LUT as the
references of the driving control, the copper losses will be
minimal or the electrical losses will be minimal. The driving
efficiency for i, =0 control, maximum torque per armature

current control and electrical losses minimization control are
compared with experiment results. The effectiveness of the
proposed control is verified by experiments.

However, it can be concluded that for IPMSM with small
L, and L, the influence of copper losses is larger than iron

losses. In this case, it is sufficiently to use the LUT1
(maximal torque per armature current control) to drive
IPMSM efficiently.
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