n order to fulfill the stringent requirements of
modern drive systems, researchers are develop-
ing motor drives with high efficiency, high
power density and good dynamic performance. Re-
cently, a new design concept of permanent mag-
net (PM) brushless motors has been developed
[1}1-13}. The basic to this concept is providing an
independent magnetic flux path for each phase of
these motors, so-called phase decoupling (PD)
PM brushless motors.

Due to phase decoupling, these PM brushless
motors possess several distinct advantages over
their conventional counterparts—reduction of
magnetic yoke, reduction of winding overhang,
minimization of cogging torque, and improve-
ment of controllability [11. Moreover, they can be

implemented as various topologies such as rectan-

gular fed (brushless DC), sinusoidal fed (brushless
AQ), surface magnet, interior magnet, inset mag-
net, inner rotor, and outer rotor alternatives.
Because of their high power density, high effi-
ciency and high controllability, these PD PM

brushless motors have been successfully applied to.

experimental electric vehicles (EVs) {2]. However,
similar to conventionial PM brushless motors, they
suffer from the loss of current regulation during
high speed constant power operation. It should be
noted that a wide range of constant power opera-
tion is highly desirable for EV applications because
it can minimize the required motor size, and can
also facilitate high speed cruising.

By incorporating the well-known 4-g coordi-
nate transformation, flux weakening control has
been accepted to achieve constant power operation
of PM brushless AC motor drives, including the in-
terior magnet type with saliency, and surface mag-
net type without saliency [41, {5]. The reason for its
inapplicability to PM brushless DC motor drives is

the fact that the corresponding waveforms are no
longer sinusoidal, and thus the d-g coordinate
transformation becomes ill-suited. Nevertheless,
an improvement of the constant power operating
characteristics of PM brushless DC moror drives
has been accomplished by phase shifting the in-
verter switch conduction intervals with respect to
the induced EMF waveforms {6}, {71 However,
the improvement has also been accompanied by a
significant increase in torque ripples.

Very recently, a new control technique has
been proposed to allow those PM brushless DC
motor drives to operate in the high speed constant
power region {31. The essence of this technique is
to purposely employ the transformer EMF to op-
pose the rotational EMF in such a way that the loss
of current regulation can be avoided at high
speeds. Compated with conventional flux weak-
ening control, this approach has some distinct ad-
vantages: it can teadily be applied to PM
brushless DC motor drives, especially the PD
types; it can be implemented without the use of
d-q coordinate transformation, and it possesses
low torque ripples throughout the high speed
constant power region.

Although those PM brushless motor drives in-
herently possess high efficiency, their system effi-
ciency can be further improved by a number of
sophisticated control techniques such as in {8} and
[9). For EV applications, optimal efficiency control
is particularly important because the energy re-
source is limited by the on-board batteries. The
purpose of this paper is to present an optimal effi-
ciency control scheme for constant power operation
of those PD PM brushless DC motor drives. The
key is to adaptively adjust the advanced conduc-
tion angle to minimize the system losses fora given
operation point in the constant power region.
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In the next section, the strategy for constant
power operation of PD PM brushless DC motor
drives is exemplified using a S-phase 22-pole PD
PM brushless DC motor. In the sections that follow,
the newly-developed optimal efficiency control tech-
nique is then illustrated. Then, after describing the
corresponding implementation, both computer sim-
ulation and experimental results are presented, and
some conclusions are offered.

Constant Power Operation
A S-phase 22-pole PD PM brushless DC motor is
used for exemplification. Since its mutual induc-
tance is practically eliminated and its winding re-
sistance is negligible, the voltage equation of this
motor can be expresszd as:

v, (0r+8, _(]—l)Tt: M

di, [wt +0, - 7-bm
L

mj
> +e/[(m+6,, _ﬁ(fgl)ﬁj

dr

where ¢, is the applied voltage, L-dijdt is the
transformer EMF, e, is the rotational EMF, 7, is
the phase current, ® is the angular frequency, 6, is
the advanced conducrion angle, and 7 = 1, ..., 5.

When the motor operates in the high speed con-
stant power region, rhe rotational EMF becomes
larger than the applied voltage. To prevent satura-
tion of the current regulator, a negative trans-
former EMF is needed to oppose the rotational
EMEF. This negative transformer EMF is produced
by advancing the conduction angle, namely , be-
tween the phase current and rotational EMF. Typi-
cal waveforms of v, ¢j, L-di;/dr and i; are shown in
Fig. 1. In the intervel 1-2, the applied voltage is
larger than the rotat.onal EMF so that the phase
current increases and reaches its highest value. In
the interval 2-3, the anplied voltage is smaller than
the rotational EMF. Thus, the phase current begins
to decrease and a negative transformer EMF is there-
fore produced. Since this negative transformer EMF
opposes the rotational EMF, constant power opera-
tion becomes achievable even at high speeds. Due
to symmetry, the cotresponding operation in an-
other half cycle is similar.

It should be noted that the idea of using the
transformer EMF does not restrict one to any par-
ticular current shapes, and provides a general tool
for the formulation of motor current and torque
during constant power operation. Theoretically,
the corresponding maximum operating speed of
the motor occurs at 0 = 90°. In fact, the practical

operating limit is governed by the transformer
EMF, hence it is dictated by the motor inductance
and operating frequency. Moreover, the cogging

torque of the motor is minimized by using a unique
fractional number of slots per pole per phase. At
any operating point, the phase current is always
synchronous with the corresponding rotational
EMF. As the motor torque is developed by the in-
teraction of the phase current and rotational EMF,
this motor can provide a minimum torque ripple
throughout the operating range.

Optimal Efficiency Control
By neglecting the existence of core loss or assum-
ing that the core loss is constant, the motor drive
can operate at optimal efficiency when the cop-
per loss is minimum. The minimization of cop-
per loss is generally accomplished by adopting
the maximum torque per ampere approach.
However, this approximation, negligible or con-
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Fig. 1. Waveforms during constant power operation.

IFEE Industry Applications Magazine w November/December 1998 m

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
!
|
|
|
|
|
!
|
|
|
|
|
|
|
|
!
1
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|



i
|
|
|
|
|
|
|
|
1
|
|
|
!
|
|
|
|
|
!
|
|
|
|
|
|
|
|
|
|
|
l
|
|
|
|
|
!
|
|
|
|
|
|
!
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
[
|
|
|
|
I
|
|

-k = 8022 £{}—»(’><)—»v !
PP o _ |Lp+R

Cej

Fig. 2. Control block diagram.
stant core loss, can no longer be acceptable for 0,
high performance motor drives. In order to 30°
achieve optimal efficiency control during con-
stant power operation, a new technique is devel- 10
oped which can optimize the system efficiency of o
the whole drive system. : 0

‘The proposed optimal efficiency control scheme ’ ‘
is to adaptively adjust the advanced conduction an- 0 500 1000 1500 n (rem)

gle in such a way that the input power is minimum
for a given output power. For this 5-phase PD PM
brushless DC motor, each phase winding conducts
144° over a half cycle, and the phase shift between
adjacent phases is 36°. Thus, each phase current can
be positive, negative or zero. A positive phase cur-
rent indicates that the current flows from the top of
the upper half voltage soutce V, to the mid-point of
the whole voltage source, while a negative phase
cutrent means that the current is from the mid-
point to the bottom of the lower half voltage source
V. For example, when 71, 72, 73 are positive and i4, 75

are negative, the input power equals (7, V, +4,V, +
iV, iV, +iV))=0G, +i, +i+ig +i)V be-

cause both Vyand Vjare equal to a constant voltage
V. For other sets of phase currents wich different po-
larities, the resulting input power is the same. Thus,
regardless of whether the polarity of these phase cur-
rents is positive, negative ot zero, the summation of
their magnitudes is directly proportional to the in-

put power. Therefore, for a given output power, the
minimization of the summation of all phase currents
is equivalent to the optimization of efficiency for the
whole drive system. Since the phase currents have al-
ready been measured as the feedback for the hyster-
esis current céntroller, the input power can be easily
on-line calculated by summing the measured mag-
nitudes of all phase currents.

The closed loop control block diagram for opti-
mal efficiency control of the motor drive is illus-
trated in Fig. 2. The optimal efficiency control
block on-line generates the required change of ad-
vanced conduction angle AB to adaptively modify
the ptevious: 0,.. The corresponding initial value
0" is determined by the model shown in Fig. 3.

When the motor speed @ is lower than the base
speed @ (i.e., numerically 7 is less than 500 rpm),

m IEFE Industry Applications Magazine = Novemiber/Decemher 1998
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1

Fig. 3. Model of initial advanced conduction angle.

1 .
92) is always set to zero. As the motor operates

above M for constant power operation, the value of
n . . . . .
92) is governed by a linear relationship with the

motor speed. To facilitate the generality, the slope
of the line is chosen in such a way that constant
power operation can be guaranteed over the desired
high speed range. :

The algorithm for the proposed optimal effi-
ciency control approach is illustrated using the
flowchart shown in Fig. 4. Once an interruption
occurs, the motor speed ® is compared with the
speed command ® . If che difference is larger than
a predefined experimental tolerance &1, it indicates
that the steady state has not been reached and no
modification is necessary, namely A6 = 0. Other-
wise, the summation of the magnitudes of all phase
currents is carried out, which stands for the new in-
put power Wy, Comparing it with the previous
input power W, the difference AW is checked
with another predefined experimental tolerance £>.
If AW is within the tolerance, AD is set to zero.
Otherwise, there are two possible actions. If Wyew
has increased, the searching direction is reversed by
inverting the sign of AB. If W, has decreased, the
search continues with the same AB.

A typical searching trajectory of 6, for optimal
efficiency operation is shown in Fig. 5. Fora partic-
ular steady state operating point in the constant
power region, X is determined from the model of
93) shown in Fig. 3. Based on the adaptive search-
ing algorithm shown in Fig. 4, Y is reached where
the input power, equivalent to the summation of
the magnirudes of all phase currents, is minimum.
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the commutation angle was
advanced during constant
power operation. As com-
pared with them, the pul-
sating torque of the
proposed motor drive is
considerably reduced.

In order to illustrate the
effectiveness of the proposed
control approach, a compar-
ative evaluation of the input
power, equivalent to the

Fig. 4. Flowchart of optimal efficiency control.

It should be noted that the proposed optimal ef-
ficiency control approach does not depend on a
complicated loss model of the motor. Because of its
adaptive on-line search, the approach is also insen-
sitive to variations in the motor parameters and op-
erating environments, such as winding resistance,
windage and friction, and temperature changes.

Apart from achieving optimal efficiency control
during constant power operation, the torque ripple
should also be kept minimum. Fig. 6 illustrates the
instantaneous torque at the speed of 1500 rpm,
three times the base speed, where the necessary ad-
vanced conduction angle is 52°. It.can be seen that
the corresponding torque ripple is less than 13% of
the reference value, which is actually the worst case
throughout the whole speed range. In {71, the sur-
face magnet and inset magnet brushless DC motors
respectively exhibited high torque ripples of about
144% and 125% (both fluctuating between nega-

summation of the magni-
tudes of all phase currents,
with the initial advanced
conduction angle 8,,; and the optimal efficiency an-
gle 6,,/,, is carried out. The evaluation results through-
out the whole constant power operating region are
shown in Fig. 7. It can be seen that the total input
current and hence the input power can be signifi-

cantly reduced by adaptively adjusting 6, to 8.

Implementation

The hardware implementation of the optimal effi-
ciency controller for the proposed motor drive is il-
lustrated in Fig. 8. A powerful single-chip micro-
controller (Intel 80C196KC), is adopted to imple-
ment all necessary control functions. This micro-
controller possesses built-in ROM/EPROM,
RAM, high-speed inputs (HSI), high-speed out-
puts (HSO), A/D converter with sample/hold
(ACH), I/O ports, PWM output, timers, up/down
counter with capture, full duplex serial port, inter-
rupt soufces, etc.

Fig. 6. Worst-case torque ripple.
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As shown in Fig. 8, an opti-
cal incremental position en-
coder 1s mounted on the motor
shaft to generate three pulse
trains, namely signals,P1, P2,
and Z. These signals are then 20T
fed into the HSI of the
microcontroller to calculate

Torque (Nm)

285

8o = Binj = 15°, Zlijl = 64.99 A
= Oopt = 6°, Zjl = 63.34 A

06 = Binj = 45°, Zlijl = 47.25 A

= Oopr = 41°, 3l = 44.8 A
8o = By = 30°, Zljl =49.72 A

the motor speed. Motor phase 10 8o = fopy = 187, Xl = 46.12 A ,
d b 00 = Binj = 60°, Zlj = 56.95 A
currents ate sense y 80 = Ogpy = 52°, Tl = 50.27 A
Hall-effect transducers and the w ; ; .
0 500 750 1000 1250 1500

corresponding analog signals
are fed into the microcontroller

Speed (rmp)

via the ACH, and the hysteresis
current controller (HCCQC).
Based on these speed and cus-
rent feedback signals, the 0, generator produces
the corresponding advanced conduction angle,
which is then outpurted as a logic signal via the
HSO. According to the error between the speed
command 0" and the speed feedback, the propor-
tional-integral (PI) regulator generates the current
reference signals z'; for the HCC. Incorporating

both logic signals from the HSO and HCC, the

switching signal generator produces proper

Fig. 7. Comparison between initial and optimal operations.

switching signals 77,72,73,74,1s for the S-phase
inverter. This inverter consists of 10 sets of power
switching devices, and is supplied by a DC voltage
source with a mid-point terminal.

Results
Both computer simulation and experimental re-
sults are given to illustrate the proposed approach.
The technical data of the experimental motor is

l(,\)
Lo 80C196KC

: | Rysteresi Logic
—w= ACH Pl j (V:S eresis | signal
) urrent Switchi

' ' Controller witching
' 0 ' Signal
: Generator : Generator
: + Logic
I ' Signal
© | Hsl HSO ;

) P1 Fo 'Z ------------------ Encoder

Source

DC Lx 4& L5 0L

PM

Brushless

—1

DC Motor

1T AT AT AT AT

T1,72.T3.T4.T5

Fig. 8. Hardware implementation.
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Fig. 9. Current waveforms at 1200 rpm (10 Aldiv,
500 sidiv). (a) Simulation. (b) Experimental.
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Fig. 10. Current waveforms at 1500 vpm (10 Aldiv,
500 sidiv). (a) Simulation. (b) Experimental.

. Table 1. Technical Data for Motor

Rated power 1.5kw
Rated voltage 7x 48V
Rated speed 500 rpm
Rated phase current 26A
Number of phases 5

Class of insulaton E
Winding type Single layer
Number of poles 72
Number of slots 20
Number of coils 10

Turs per coil 26

Slot pitch 1-2
Stator outer diameter 175 mm
Rotor outer diameter 84 mm
Stator inner diameder 86 mm
Rotor inner diameter 48 mm
Core length 100 mm
Slot width 7.4 mm
Slot height 36 mm

listed in Table 1. Since the motor current is the
most important parameter to illustrate the operat-
ing principle, the simulated and experimental cur-
rent waveforms at the' motor speed of 1200 rpm,
torque of 11.88 Nm and advanced conduction an-
gle of 40° are shown in Fig. %(a) and (b), respec-
tively. On the other hand, those waveformsat 1500
rpm, 9.8 Nm and 58° are shown in Fig. 10. Good
agreement between these simulated and experimen-
tal waveforms verifies that the proposed approach
works well during constant power operation.
Moreover, it can be found that the negative
slope of the interval 2-3 (defined in Fig. 1) of the
waveform shown in Fig. 9 is smaller than that
shown in Fig. 10. This negative slope effectively
causes the transformer EMF to oppose the rotational
EMF during high speed constant power operation.
Thus, the higher the motor speed is desired for con-
stant power operation, the larger the advanced con-
duction angle is required, the steeper the negative
slope of the current waveform is resulted, hence the
higher the transformer EMF is generated. As shown
in Fig. 10, the corresponding negative slope allows
for further increase, which indicates that the speed
limit for constant power operation can be further
extended, beyond three times the base speed.

Conclusion
A new optimal efficiency control approach for con-
stant power operation of a PD PM brushless DC mo-
tor drive is proposed and implemented. Since the
proposed approach is so general, it can readily be ex-
tended to other PM brushless DC and AC motor
drives. The approach possesses some distinct advan-
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tages: it optimizes the system efficiency of the motor
drive; it does not require a complicated loss model;
it is insensitive to system parameter variations; and
it maintajns constant power operation with low
torque ripples.
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