240 Journal of Electrical Engineering & Technology Vol. 4, No.2, pp. 240~248, 2009

Position Control for Interior Permanent Magnet Synchronous
Motors using an Adaptive Integral Binary Observer

Hyoung-Seok kang’, Cheon-Kyu Kim* and Young-Seok Kim**

Abstract — An approach to control the position for an interior permanent magnet synchronous motor
(IPMSM) based on an adaptive integral binary observer is described. The binary controller with a bi-
nary observer is composed of a main loop regulator and an auxiliary loop regulator. One of its key fea-
tures is that it alleviates chatter in the constant boundary layer. However, steady state estimation accu-
racy and robustness are dependent upon the thickness of the constant boundary layer. In order to im-
prove the steady state performance of the binary observer and eliminate the chattering problem of the
constant boundary layer, a new binary observer is formed by adding extra integral dynamics to the ex-
isting switching hyperplane equation. Also, the proposed adaptive integral binary observer applies an
adaptive scheme because the parameters of the dynamic equations such as the machine inertia and the
viscosity friction coefficient are not well known. Furthermore, these values can typically be easily
changed during normal operation. However, the proposed observer can overcome the problems caused
by using the dynamic equations, and the rotor position estimation is constructed by integrating the ro-
tor speed estimated with a Lyapunov function. Experimental results obtained using the proposed algo-

rithm are presented to demonstrate the effectiveness of the approach.
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1. Introduction

Recent developments in power semiconductor technology,
digital electronics, magnetic materials and control algo-
rithms have enabled modern AC motor drives to meet chal-
lenging high efficiency and high performance requirements
in the industrial sector. In high performance applications,
the interior permanent magnet synchronous motor (IPMSM)
has seen growing popularity as compared to other types of
AC motors due to advantageous features such as a high
torque to inertia ratio, superior power density, high effi-
ciency, low noise, and robust operation [1][2]. In order to
position control and achieve high performance of the
IPMSM, it is necessary to know the absolute position of
the rotor. To this end, an absolute encoder or resolver has
been used for sensing the rotor position. These position
sensors, however, require a special arrangement for mount-
ing and decrease the reliability of the system. Hence, there
has been increased interest in developing position sensor-
less control algorithms [3].

Research on changing observers for speed sensors has
been conducted. The shiding mode control (SMC) algo-

rithm has been widely studied in the field of motion control.

The drawback of the SMC, however, is that the resulting
control input is discontinuous on the sliding surface. Con-
sequently, switching of the control input theoretically oc-
curs at infinite frequency. However, the frequency is not
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infinitely high due to the finite switching time in real ap-
plications. Therefore, the SMC features an inevitable chat-
tering phenomenon which is undesirable for electrical rotor
mechanisms. Furthermore, unexpected instability arises
due to delay and hysteresis [4}{5].

To overcome these problems of the SMC, binary con-
trol has been adopted and applied to the position sensorless
vector control of the IPMSM. Binary conirol can be
thought of as a generalization of the SMC. A key difference
between the two forms of control is that binary control
does not explicitly use a reference model. A binary ob-
server using binary control consists of a main loop regula-
tor and an auxiliary loop regulator, as does the binary con-
troller. Hence, the binary observer can alleviate chattering
while retaining the benefits achieved with a sliding mode
observer. However, the auxiliary loop regulator continu-
ously changes the gain of the main loop regulator in the
domain referred to as the constant boundary layer, and es-
timation errors also occur [6]-{7] Thus, in order to improve
the steady state performance of the binary observer, the
binary observer is formed by adding exira integral aug-
mented switching to the hyperplane equation. By means of
integral characteristics, the rotor speed can be finely esti-
mated and utilized as a sensorless speed controller for an
IPMSM. Because the parameters of the dynamic equations
such as the machine inertia and the viscosity friction coef-
ficient are not well known, and these values can be easily
changed during normal operation, there are many restric-
tions in an actual implementation. Owing to these problems,
a sensorless algorithm that eliminates the mechanical equa-
tion of the IPMSM is implemented using an adaptive
scheme. The proposed adaptive integral binary observer
applies an adaptive scheme so that the observer can over-
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come the problems caused by using dynamic equations. A
Lyapunov function 1s used to prove that the system stability
included speed estimation and speed control [8].

In this paper, the design method of the proposed binary
observer with an integral augmented switching hyperplane
and speed estimator using an adaptive scheme for sensor-
less vector control of the IPMSM is presented. From ex-
perimental results, the proposed observer is found to have
good estimation performance without chattering problems
or estimation errors.

2. Integral Binary Observer
2.1 Integral Binary Observer

In the stationary reference frame (o — f3), the voltage
equation of the IPMSM is as follows:

di, . .

=Ai +Lv . +LE +Bi (1)

dt ‘

where [ =[i i ﬂ]T :stator ¢ -and f- axes currents

v.=[v, v ﬂ]r sstator « -and g - axes voltages

E =[E, Eﬂ]T : induced voltages
E,=-K;osinf, E,=K, wcost
A=—RL,, B=—w(L, —Lq)L2

R : stator resistance

L, : d - axes inductance

L, : g -axes inductance

K, :back EMF constant
@ : rotor speed
@ : rotor position

1 0 0 1
L
L= Ly R
0 — — 0
Lq L‘I

The adaptive integral binary observer is composed of
the voltage equations of the IPMSM without the motion
equation in state equation.

From (1), the binary observer is constructed with the

following structure:
di ; oot
~=Ai +Lv +L E +Bi —Ky, (2)
’ 5 s

where ~ : Estimated value

K = k, 0 : Constant
0 kg

v, =[7, 7,1’ :Inputofthe binary observer

Integral switching hyperplanes are defined by:
o=(c,,0,)=0 3

~

!
where o =-ce, — Leadr,ea =i, —i,

~

f
Op=—Cey— .[)eﬁdr,eﬁ =i,—i,

C : Positive constant
Also, the boundary layer is represented by:
Gy=0"(t)o (1)<0 4
o (H=o0()-cd, o (t)=0c(t)+cd
where & :Constant, 0< 5 <1

Error dynamics are obtained by subtracting (1) from (2),
respectively.

€, =0G,~i)=AG, ~i)+ (Bi,~Bi) + L(E,~E)-K7,
G

&)
h _ T _ .A . .A . ]T
where e =[e, e,] =[i, —i, i,—i,
eS
Error_trajectory
Fig. 1. Phase plane trajectory of the binary observer
e Icl - ) JEq.(6)

i g Wi - _\f ]
1. LITJ - Eq.(7

\ Ly

Vo
—— Eq. (2) K,
N Lyapunov
Function

Fig. 2. Block diagram of an adaptive integral binary observer

As compared with the sliding mode observer, the chat-
tering problem of the binary observer is alleviated. How-
ever, the accuracy of the estimation depends strongly upon
the thickness of the boundary layer, as shown in Fig. 1. To
reduce the error of the steady state, as can be seen in (3), a
binary observer with integral switching hyperplanes is used.
The integral switching hyperplane of the binary observer is
defined by the error of the estimation current and the real
current. The structure of the binary observer is shown in
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Fig. 2. From Fig. 1, the trajectory of the error departs from
an initial estimation error e, reaches the boundary layer,
and converges along the horizontal axis until e =0.

Continuous switching inputs are defined as follows.
The main loop regulator:

-
Yo | | Hale,]
= ©
e Hp | €s |
The auxiliary lo_op regulator:
. + sat(A
up)  LHotsaty)

Where 4, =0,/cd, 4,

The block diagram in Fig. 2 represents the proposed bi-
nary observer for position sensorless drives. If all errors of

the binary observer exist in the boundary layer G,

=0'[,/c5

, €rrors
never escape the domain G ; this is called a G invariant
condition. Therefore, (8) must be satisfied on the boundary
of the domain G;. Also, if the main loop regulator gain

K and the auxiliary loop regulator gain « are estab-
lished in order to satisfy (8), the binary observer will be
superior to the conventional binary observer and robust to
chattering.

o' (t)-67(H)<0, o7 (t)-67(1)<0 €]
2.2 Derivation of the gain K

The main loop regulator gain k,can be obtained from
the invariant condition G,. In the condition where «(r)

exists in the boundary layer G,, above all, if c,>0,

from the inequality (9), the gain k, must be satisfied (10).

» R Ld_-Lq noA )
GO, =0,1—C,l ——e,— Wiy —@iy)
{ { I ( 2 Nawig—wig

+ £1'3—(',(‘;)51'11(EI*A—cosin6’)4-/\’0‘}/4—emLf\ 0
. NG

d
L,~L Y =
k, > (—£ id*‘ o (wig—wiy)
(1- h)a L, c, L,
Lg (@sin 6 — wsin &)
L, (10)

where 0<h <1
Also, if 0‘(t) < 0, the result given by (11) can be deduced.
1 /L —L Noa o
- (—; )8+ | = |(wig—wiy)
(1 h)é L, ¢, L,

+ &(a}sin 0 - wsin 6)
L,

(11
From (10) and (11), &

o

is derived to satisfy (12).

1
=M e

)
1 Ld_L o .
-t Y- —L (wi,—wi

) (@ ) [LdJ<ﬁ »)

o

+ K—E((bsin 6 - wsin 6)
Ld

(12)
is derived as follows:
s

L,~L ) ~»
+| =4 (@i, - i)
Lq

’d

In the same manner, & 5

EEREL
Lq Cp

k,> su
T a-ms zz:?

£ (@ecosh— @ cos &)
q

(13)
Therefore, from (12) and (13), the domain of K can be
derived as follows:

/L - L Noaoa
sup|( —+L)5+L “ gJ(mz’ﬁ—wtﬂ)
- 1 £ty d Ca L,
Ta-ns Ly-L,)
a-m sup(——+1)o‘+( < J(coz —wi,)
t2tg ¢ P \ LG’ .

Kg o . 2 .
+ —E(Hsinf - wsin )|,
d

E (&eos 6 — weos O)

q

(14)
2.3 Derivation of the gain «

When A(r) = o(t)/co, where the state of the system
t, is defined, and ¢,

time to reach the boundary of the domain in o>0.
(7) 1s then derived as follows:

passes through ¢ =0, is defined as

1 4
t,—t,<—In
a 2h-1 (15)

where 7, >1,, #, istime when A(r)=1/2,

t, istime when, A(r) =1

05<h<l1
In the case of o >0, a isderivedtobe u(t)<—(1-4h).
Also, supposing u(z,) >—(1-#) by using the contradic-
tion method, we can obtain the function A(z,) in [z, ¢,]
for A(,)=1/2.

A(rz)sl+i1?0(t2—zl) (16)
2 ¢d
Where
/Ld -L N oA A
o R ¥ 9
il
Ky = max|
supi- cp[(—k)5+(['d Lq}{wza—maﬂ ZE (Hoosh— weosO)
tety AN L 7

+ %(@smé—wsm 6’)+kl;/a}-ea,
d

+ X2 (oosde
Ly

s9)+kl,v4ep
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When we assume that the gain « is satisfied in inequality
(15).
o> %m 4
2h-1 (17)

cd

(17) is rearranged using (16), substituting it into (18).
The function A(f,) is then given as follows:

At,) <1 (18)

The result of (18) contradicts the equation A(,)=1.

This means that if the inequality (17) is always satisfied,
the magnitude of z(¢r) must have the following relation:

(@ =1-h (19)
2.4 Estimator of speed

In order to estimate rotor speed and angle, an adaptive
integral binary observer is constructed using a Lyapunov
function. The Lyapunov function ¥ is chosen as:

(0-w)’
2
Under the assumption that the rotor speed is constant

within one sample period of the control system, derivation
of the Lyapunov function is obtained as follows:

v :%eges " (20)

V=e,e+(d —0)d Q1)
Substituting (4) into (21), the following equation is obtained:

V :eg[A(iS ~is)—(BES —BE )+ L (E, +E)+ Ky ]+ Aow
(22)
Where Aw=0v—w

From Lyapunov's stability theory, ¥ >0 and V <0
are always satisfied when the observer is stable. Therefore,

in order to satisfy § <0, they are separated into the fol-
lowing, respectively:

e’ [(é— B) i:+L1(1%— E)}rAa)c:):O (23)

e’ {A(ii—i5)+B(i:—is)—K7/S:|<O (24)

In order to derive the rotor speed, (23) must be zero.
The inequality of (24) should then be smaller than zero,
and thus (20) is satisfied.

From (24), the inequality (25) can be derived as:

21 . L,-L\ " °
1(_*"'7)04—[ ]L 1)(@1'[;—(01‘/;)

1 ‘d ‘o d
1 ]7)<51 aX R I T
(=7 1 . a=L, ]
(—‘+)o+[#](a>/u—wz@)
q B oty
Kz .. - .
+ ZE (dsin 6 — arsin 6})‘

d
e
1

(Dcosf@—mcosd)

4 (25)

The range of K must be set to satisty the inequality of
(14) and (25). Also, to estimate the rotor speed, (23) is re-
arranged as follows:

1 0 |- . \
el el K Ly (Q sin 6 ~(»{Sin9 |
o | |cos cosd |
L S
q —
~(o-o)L, - L) | i+ (- o
— 0
o ] (26)

From (26), if @ = @, estimation algorithms of the rotor
speed should be derived as
m=-K( 1 ® costl)
d q

(L,-L,)) L,-L))
T i eaiﬁ+_( . e, i,

L L
d q (27)

(27) includes the difference between the inductions of

L, and L, and gives the characteristic of the IPMSM.

N |
e, ®sin (- L—eﬁ

The estimated rotor angle § is obtained by integrating
with the estimation speed. An overall block diagram of the
sensorless algorithm using the proposed adaptive integral
binary observer is shown in Fig. 3.

SVPWM [ INV

Adaptive Integral «— Vn
Binary Observer #— %

Fig. 3. Overall block diagram of the sensorless
algorithm using the proposed observer

3. Experimental Results

The overall system using the adaptive integral binary
observer for the IPMSM drives is shown in Fig. 4. The
overall system consists of the power supply, the IPMSM,
the three-phase voltage source inverter (VSI), and a Dyna-
mometer with the control for the load. The actual parameters
of the IPMSM wused for experiments are listed in Table 1.
The three-phase VSI is constructed using an IGBT, and a gate-
firing logic to implement space-vector-modulation is devel-
oped using a motion coprocessor (ADMC201). All of the
proposed algorithms are implemented using a TMS320C31
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and calculations, except for the inverter voltage control, are
performed by the DSP with a sampling time of 200[ us ]. In

order to control the current of the current controller, a-
phase and b-phase are measured while c-phase is calcu-
lated. Only the information for displaying the actual speed
and position is measured by an optical encoder installed at
the motor shaft. Also, to align the initial position of the
rotor flux at the stator « -axis, voltage pulse was injected
into phase-a, and then the rotor position was zero.

3¢

Source© Rectifier

SYPVM
Inverter

L

Power

Controller

Oscilloscope

Digital 10

47 pETEy CTTTIIRIS

Fig. 4. Overall IPMSM drive system

Table 1. Motor parameters

Rated power 1.8 kW
Pole number 8 poles
Stator resistance 0.22 Q
Stator inductance 0.88 mH
Torque rating 5.88 N.m
Rotor inertia 0.00186 [ kg'm2]
Back emf constant 0.498 Virad/s

Fig. 5 shows the real and estimated speed when the
speed was changed from 2000rpm to —2000rpm with no
load. Even when the speed was suddenly varied, the esti-
mated speed follows the real speed closely using the pro-
posed algorithm. Fig. 6 shows the real and estimated speed
of the sensorless control with no load at 1000rpm, and Fig.
7 shows the real and estimated speed when the speed was
changed from 1000rpm to — 1000rpm with no load. From
Figs. 5 and 7, it is seen that the real speed at the transient
as well as the steady state has good following performance
for the reference within 0.2 seconds. Fig. 8 shows the real
and estimated speed of the sensorless control with no load
at 50rpm. Fig. 9 shows the real and estimated speed when
the speed was changed from 50rpm to -50rpm. The incre-
mental encoder measures the actual speed and has an out-
put of 5000 pulses per revolution per minute. The counter
device counts four times for each output pulse. The en-
coder pulses increase the average single pulse during a
sample time at 50rpm. Therefore, in Figs. 8 and 9, the real
speed has poor resolution. At the start of the low speed
region, the estimated speed has a slight error, but quickly
converges to the real speed.

Figs. 10, 11 and 12 show the real and estimated posi-
tion where the speed changes rapidly, and the speed is re-
versed from 2000rpm to -2000rpm, 1000rpm to -1000rpm
and 50rpm to -50rpm, respectively. Although the rotation
direction of the IPMSM is suddenly reversed with no load,
the estimated position of rating and low speed regions
closely follow the real position with implementation of the
proposed algorithm. Also, there is almost no error between
the real and estimated position.

Fig. 13 shows the real and estimated speed for the rat-
ing speed region when the load is changed from 0% to 70%
and returns to 0%. From 5.4 to 11 seconds, when a 70%
step load is imposed in the steady state, the real and esti-
mated speeds follow the reference speed after 0.8 second.
Fig. 14 shows the line current and estimated speed when
the speed was reversed from 2000rpm to -2000rpm with a
70% load. Although the speed is suddenly reversed with a
70% load, the estimated speed rapidly converges in the
steady state without error. Fig. 15 illustrates the real and
estimated speed at 1000rpm when the load is changed from
0% to 100% and returns to 0%. Fig. 16 illustrates the line
current and line to line voltage when the [PMSM is driven
at 1000rpm with a 100% load. In Fig. 15, estimated speed
has little vibration, but the real speed follows the reference
speed without error. From Figs. 13 to 16, the proposed ob-
server can confirm robustness to the speed and load change.

Figs. 17 and 18 show the change of a loop and esti-
mated speed when the IPMSM is driven at 1000rpm with
no load, respectively. In Fig. 17, at the commencement of a
transient state, the change of the a-main loop and a-
auxiliary loop does not show regular alteration whereas the
change is regular at the steady state.

Figs. 19 and 20 show the real and estimated position
when the IPMSM is driven at 1000rpm with the error be-
tween the d-axis and electric angle. Fig. 19 illustrates the
real and estimated position when the error between them is
20degrees. Fig. 20 shows the error between them at 60
degrees. After 1 rpm, the real and estimated position is
united. Therefore, the robustness is confirmed despite be-
ing the starting error when the IPMSM was started.

fe— Orpm

+— Orpm

Estimated speed[rpm] Real speed[rpm]

PR IPIFNPE IS WPITINE IPISNE L i

[2000rpm, 2sec/div]

Fig. 5. Real (upper) and estimated speed (lower) when the
speed is reversed from 2000rpm to -2000rpm with no load
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[50rpm, 1sec/div]

. 12. Real (upper) and estimated position (lower) when

the speed is reversed from 5S0rpm to -50rpm with

no load
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2000rpm when the load is changed from 0% to
70% and returned to 0%
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. 14. Line current (upper) and estimated speed (lower)

when the speed is reversed from 2000[rpm] to -
2000[rpm] with 70% load.
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. 15. Real (upper) and estimated speed (lower) at 1000

rpm when the load is changed from 0% to 100%
and returned to 0%
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. 16. Line current (upper) and line to line voltage

(lower) when the IPMSM is driven at 1000rpm

with 100% load
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Fig. 17. o -main loop (upper) and estimated speed (lower)
when the IPMSM is driven at 1000rpm with no load
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Fig. 18. a-auxiliary loop (upper) and estimated speed
(lower) when the IPMSM is driven at 1000rpm
with no load
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. 19. Real (upper) and estimated (lower) position when
the IPMSM is driven at 1000rpm with d-axis and
electric angle difference of 20°
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. 20. Real (upper) and estimated (lower) position when
the IPMSM is driven at 1000rpm with d-axis and
electric angle difference of 60°

4, Conclusion

In this paper, the observer structure and its design
method for an IPMSM are developed, and applied to sen-
sorless vector controls of the speed and position for an
IPMSM. Experiment results indicate that the proposed ob-
server yields good estimation performance without chatter-
ing problems or estimation errors. Also, it is confirmed that
the system of the proposed observer estimates the rotor
speed and the rotor position well at the steady and transient
state. Operation at low and variable speed as well as high
speed has robustness in a wide range of operation charac-
teristics as well as in the case of imposed load and starting
error. Thus, using only a voltage equation, sensorless vec-
tor control of an IMPSM can be realized as it is not sensi-
tive to changes of the parameters induced by the mechani-
cal coefficient.
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