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A Sensorless PMSM Control Using the Separation
of Two Voltage Source
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(Jin-Woo Ahn-Sung-Jun Park, Dong-Hee Lee)

Absstract — This paper presents a sensorless control strategy of a PMSM(Permanent Magnet Sycchoronous Motor). This
m:thod is very simple to compute the position angle of a rotor. A principle and a practical solution are described. A
sensorless control algorithm is proposed to remove a mechanical position sensor. The theory is based on the
superposition principle. The state equation of a motor is divided into two conditions: one is the state equation of
exciting voltage and phase current in a constraint, the other is the state equation of back EMF(Electromotive Force) and

plase current

in a short circuit. Based on the analysis, short circuit current by back EMF is computed and then the

in‘ormation of position angle is calculated. The proposed method is verified by experimental results.
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1. Introduction

By the extension of modern automated equipments, the
use of servomotor in a industrial and a household
machines has been on the rapid rise, and the servomotor
hes been used for the indispensable source of drive in the
inustrial fields.

Few vears ago, most servomotors were to be a DC
servomotor, but they have several weaknesses of frequent
repair and limit of high speed operation.
However, AC servomotor using permanent magnet has
more complicated control scheme than that of DC

servomotor, but has advantages over both durability, large

ir: spection,

raiio of power per weight and torque per current. A
permanent magnet synchronous motor(PMSM) has been
used in the industrial field also[275]. It has a disadvantage
s.ch as position detecting device which is to obtain
pcsition angle of motor. An encoder and a resolver are
generally used to detect rotor’s position angle, but these
exterior mechanical position sensor has not only a cost
reliability by
sudden characteristic change in the worse circumstances.

disadvantage also problem on sensor’'s

There has been vigorously a study on a sensorless drive
fo- low cost of sensor installation and good robustness on
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exterior environment.

In this paper, a sensorless control algorithm is proposed
to remove a mechanical position sensor{6]. A basic theory
is based on the superposition principle. The state equation
of a motor is divided into two conditions: one is the state
equation of exciting voltage and phase current in a
constraint, the other is the state equation of back
EMF(Electromotive Force) and phase current
circuit. Based on the analysis, short circuit current by
back EMF is computed and then obtained the information
of position angle is calculated. The proposed method is
verified by experimental results.

in a short

2. The Modelling of the PMSM

2.1 The Volitage Equation of Motor

The equivalent circuit of 3-phase PMSM with sinusoidal
distribution of back EMF is shown in Fig. 1. The voltage,
current, and impedance equations obtained from this
equivalent circuit as (1).

Vol [R+pL 0O 0 izl |e

Wi o R+pL 0 i [+ e

v, 0 0 R+pLji ||e, (1
where L=l+%M,

Each EMF of (1),
each differentiator of flux intercrossed at phase coils. So,

€, €p and €. is represented as
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let the maximum value of intercrossing flux AzAs and Ac

at phase a, b, and ¢ be Am respectively, each
representation can be as follows.
Fig. 1. Three Phase Equivalent circuit of PMSM
A,= A,cos(8,)
Ay= A,,,cos(@e—%n')
A = A,,,cos(02+%7r) (2)

where 0. is a clockwise electrical rotor angle with
reference to the stator coil at phase a. The inductive EMF

obtained from intercrossing flux of phase coil is
represented as (3).
o= LA, = ~0.A,sin(6,)
e, = -4-/1 = —w,A,sin(f ——z—rr)
b dt b e'm e 3
d - 2
e.= pAc= —wA,sin(0,+5 1) 3
where @. means a rotor’s angular velocity and is given
as follow.
N
w, = g, 4)

22 The Coordinates Transformation of 3-Phase AC
Circuit Equation

It is more convenient to represent 2-phase AC than
3-phase in the voltage and current for understanding of
3-phase PMSM characteristic and derivation of control
method.

The coordinates need to be transformed for different
analysis on motor, and it is called to the coordinates
transformation. The transformation matrix from 3-phase
AC coordinates(a-b-c) to 2-phase AC coordinates(a~0)
can be defined as (5) and this transformation results in
the motor’s equivalent circuit in the fixed 2 axis a-B
coordinates at Fig.2.

Fig. 2. Two Phase Equivalent circuit of PMSM

p L1
o B 6
2 2 (5)

The voltage equation of 2-phase equivalent circuit of

PMSM in the fixed coordinates is given into (6).

Ve _[—R+pL 0 } iy Jea
This equation obtained by multiply the

transformation matrix C and the given 3-phase circuit
equation together in (1).

can be

where VUos Ugs 24 28, €4 and €g are given as

follows, respectively.

(v,—v,.)

7l (7
2 b2
W=} G-
iy = ~(-’”7_§Q ®)
e, = -\/gwe/imsin(é’e)
ez = \/_%‘w,,,/lmcos(ee) 9

If (6) obtained from the 2-axis fixed coordinates(a-B)
is rearranged and also represented into the state equation
of PMSM, (14) can be given as follows

. R O .
Wl L | 1Y | 1| %
= Pl Tl
u o -k M L[”ﬂ} L[‘fﬂ}
L

(10)



And the torque equation is given in (11).
T, = Dpts* Am(— i siné + izcosd) (11)

where stands for the angle between rotor and stator.

2.3 The Principle of Sensoriess PMSM using
Superposition Principle

The voltage equation of PMSM given in 2-phase AC
coordinates a-B can be represented into the equivalent
circuit in the 2 fixed reference axis (a-B) in Fig. 3 and
f-om (6).

., A

(a) (b)

Fig. 3. Equivalent circuit of PMSM by a-B axis
(a) Equivalent circuit of a axis
(b) Equivalent circuit of B axis

o R L i R L
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(a) (b)
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A e

(o (@

Fig. 4. Equivalent circuit of PMSM
principle

(a) Equivalent circuit of a axis terminal voitage

(b) Equivalent circuit of a axis back EMF voltage

(¢) Equivalent circuit of B axis terminal voltage

(d) Eguivalent circuit of B axis back EMF voltage

using  superposition

As you can see in the circuit of a-B coordinates in
rig. 3, the sources forming the motor current are a back
EMF voltage and a terminal voltage as two voltage
sources. Accordingly, the use of superposition principle
vhich separates two voltage can be
represented into the equivalent circuit in Fig. 4.

According to Fig. 4, the source of current can be
expressed the inductive EMF term occurred by the phase
voltage from inverter and the motor's rotation. The motor
cirrent becomes a indispensable factor for overcurrent
datection and excellent velocity control of motor. If the

into source
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motor parameters R and L can be known, the current
component by the phase voltage induced from inverter can
be found easily. In the equivalent circuit of Fig. 4, the
circuit represented with the inductive EMF by the motor’s
rotation and the phase voltage from inverter can be
obtained into the following state equation.

a]lE o fe]
5o &]]H)
r.l_:z':__% 0 Tri(;_*.___ea-
8] |0 ‘%__’Z’J ye (13)

The current term by the back EMF can be computed
by the difference between the detected real motor current
and the current by the phase voltage. Therefore, the
current component can be easily obtained, and then this
current component of back EMF comes to be directly
controlled by the voltage of back EMF. The current term
of back EMF, ie, becomes physical q\iantity passed
through a low-pass filter.

So, the back EMF can be theoretically computed by
passing the back EMF’s current through high-pass filter,
but it needs some techniques for dealing with high-pass
filter with weakness at noise. In order to verify back EMF
from the current component by back EMF, you can see
(13) including the differential term, but come to know that
the back EMF term in this equation has Ilots of switching
noise. It is necessary to compute back EMF from
numerical solutions of state equation for solving this noise
problem. The complete solution of a-axis back EMF in
the state equation of (13) is given as follow.

R R
-—t -t

T 2o L e L
iy @)= R (1-e )-Ha e a4)
This solution can be represented into the discrete form

as (15).

R R

—-—AT ——AT
r e L T v, L
in (n)d T(l—e )+la (n—De as)

If motor parameter and sampling time are determined,
the exponential term of (14) can be dealt with the
constant, and its value can be defined as follow.

KpOe L (16)

Thus, the back EMF term from (15) and (16) can be
given as follow.
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_R

e (n)=
a7 (-Kp)

.r .r
i (k)-K i (n—l)]
[“ Ta an
The solution for back EMF on B-axis can be solved
as mentioned above, and if the back EMF can be given
on a-P axis, the electrical position angle of rotor can be
following
— tan —1€a
Be— tan e - 13
The equation obtained from (18), strictly speaking, is
also equal to that which passed through high-pass filter.
Hence, a simple prediction method is used to remove
appropriately the noise component of electrical position
angle, and its schematic diagram cab be illustrated in Fig.

5 where Z
represented into the discrete form as (18).

means the delay term. The Bew Iis

> 3 90
gk +|+
ee(k) » 7! » Z.l * ep(k+l)

Fig. 5. Schematic diagram of quadratic position prediction

The block diagram of Fig. 5 can be numerically
expressed as follow, where B8p(K+1) means the prediction
value from position angle computed by back EMF to the
position angle in the next sampling, where 80 means an
initial position angle at a start.

0,(k+1) =3[0, (B —0.(k—D] + 0.(k=2) +6, (19)

The estimation of rotor position angle can be estimated
in this method without reference to a back EMF constant,
but the back EMF constant is needed to estimate the
motor speed. If the back EMF on a-B axis is given, the

electrical angular velocity of rotor can be given as follow.
0. = -Va+4 (20)
E

where Kg stands for the back EMF constant.

The
necessary to find mechanical angular velocity from
electrical angular velocity. The relation of electrical and
mechanical angle according to the number of motor pole
can be given as follow.

information on the number of motor poles is

w
w, = ——

D potes 1)

where Ppos means the motor pole pair.

2.4 The Structure of Controller

If transformed from 3-phase stationary coordinates to
2-phase stationary coordinates(a-f) in controlling PMSM,
and then the latter transformed into 2-phase rotating
coordinates(d-q), all values of variables come to be DC,
and also their characteristic to be the same form of DC
motor, which makes a control simple. The transformation
and inverse transformation from 3-phase stationary
coordinates to 2-phase stationary coordinates (a-B) are
as followings.

F 6] B33
S
e 11 [f”
S
Y o R [fb
- B L U W | P
L°1 13 7 2 (22)
F 11
sTlo == ——||/a
i ll” BB P
rellz o)t
a 1|3 3 3 || (23)
FC_PWM pwn1
pwm2 | 3-phase
PWM3
pwma | Inverter
PWMS
PWM6
ADCIN
ADCINy _.1(:
1 ch _sel
e
Y
Il'aoﬂ'sa
PMSM

Motor

Fig. 6. Diagram of controller



The transformation and inverse transformation from

2-ohase stationary coordinates to 2-phase rotating
coordinates(d-q) are as followings.

o

/, g _[cos 6 -sinf ] /, qs

Lfdr_ sing cos@ fds 24)

[ 5] r

fq _[ cosf sine} fq

| snp
_fds | sing cos@ fdr 25)

Fig. 6 shows the overall block diagram of proposed
alporithm. A SVPWM(space pulse  width
modulation) in the block diagram uses VSI(voltage source
inverter), and the space vector modulation technique is
apolied in the modulation method. Every algorithm except
inverter is also constructed into software to reduce a
ha-dwares. The 200usec in this
alg-orithm.

There are DC-LINK voltage and phase current as
inputs to realize this algorithm. After transforming the
3-ohase stationary coordinates into 2-phase stationary
coordinates by using these inputs, first the rotor position
anzle and velocity is estimated and then converted into
2-chase rotating coordinates for control.

vector

sampling time is

3. Experimental Results and Analysis

Fig. 7(a) shows the rotor of motor for a washing
mrchine, and Figure 7(b) shows the stator of motor. As
yci can see in the figure, motor with 48 poles is designed
fcr a low speed.

(a) (b)
Fi¢c. 7. PMSM configurations

(a) Rotor (b) Stator

Jig. 8 shows the measured back EMF waveforms of
PV SM into a washing machine, where it can be found
thet this back EMF has sine waves.

7ig. 9 illustrates the relation between rotation speed and
back EMF in varying rotating speed of motor. It can be,
as you can see in Fig. 9, found that the ratio value of
back EMF to speed has nearly a linearity over 98 %.
Therefore, the speed can be easily solved by multiplying
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Trans. KIEE. Vol. 53B, No. 1, JAN. 2004
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15.97ms

Cha Freq
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Fig. 8. Back EMF waveforms of phase a, b and ¢

’ ? ‘ sOSpt-z(-a:;’[rpm]m * “0 *
Fig. 9. Back EMF of PMSM

the back EMF constant, if the back EMF is to be
computed. When DC voltage 24V is applied, moreover,
forced to inductance L as
important parameters for sensorless control, the current
waveform is shown in Fig. 10. The values of R and L can
be found
waveform at each phase of motor in Fig. 10.

measure resistance R and

by analyzing the rise curve of the current

Stop . | v oo — |
Tk -
>
Chs Perind
———t
o period
found
Cha Freq
- HE
No period

28 Oct 200
03:44:05

Fig. 10. Current waveform at step change of DC voltage

This experiments are accomplished with the measured
parameters in Table 1.

Table 1. The measured parameters
Winding resistance 1.981[€Q]
Winding inductance 10.8[mH]
EMF contantant 0.224[rpm/V]
Number of poles 24 poles
Rated current 6.0[A]
Rated Speed 600[rpm]
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Fig. 11. Real and estimated current

Fig. 11 shows the waveform comparing the solution of
state equation in (12) with real current by changing the
terminal voltage in a motor constraint. The back EMF is
equal to zero in order to verify R and L measured in the
above.

In the figure, it can be known that it estimates almost
perfectly to the real current with all the changes of input
voltage. It shows that the value of R and L among the
motor parameters are accurate.

W NS

Fig. 12. Real and estimated current (in a short circuit

condition)
1 Jomrri-
H H Y .
/ Position signal b encoder |
B f
I |
2, |
B A
....... Bock EMF Rotor currert
Ch. '» .‘ch'zluns.n
- - 11 Now 2000
2HRE] 22881

Fig. 13. Rotor current, back EMF and position signal of rotor

When making a short at the motor terminal, and then
driving the motor with exterior power, the motor current
and the estimated current are shown in Fig. 12. The
terminal current, the estimated back EMF and the
electrical rotor position detected from encoder are shown

in Fig. 13. It can be, as you can see in Fig. 13, known
that it can estimate a position with coincidence in a-axis
back EMF and the zero point of rotor.

Fig. 14 shows the Real current, the estimated current
and the estimated speed with the same condition in Fig.13.

Fig. 15 shows real rotor position and the estimated
rotor position when the sensorless control is achieved by
the proposed algorithm. It can be found that the estimation
value of rotor position is almost same as that of real one.

31 Nov 20040
23413

Fig. 14. Real and estimate current at external starting

R X114
: ~3.3DY
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Fig. 15. Real and estimated angle

Realangle

Temminal current

Estimated ongle

26 Now 2080
02037

Fig. 16. Real and estimated angle at a starting
(Terminal current, estimated angle and real
angle from top trace)



Tig. 16 shows the terminal current, the estimated and
the real angle during sensorless control at initial angle
diff=rence 45°. Since a cylindrical PMSM has a constant
indictance regardless of the rotor position, no information
ca~ be obtained about the initial position. Therefore, it
moves with the zero initial position and then its mobile
chzracteristic is somewhat changed by the initial position
of rotor. The stability of proposed control algorithm get
within initial angle difference 74° from the experimental
res ilts.

4. Conclusions

'n this paper, a method of sensorless control algorithm
based on superposition principle is proposed. They are
an: lysed after the state equation of motor is separated into
two state equations in each constraint and short circuit.
Bezsed on this analysis, the back EMF component can be
an:lysed by simply computing the short circuit current by
back EMF component and a position angle computation
tecique is proposed. The experiment using a PMSM
with a washing machine is excuted to verify a properness
of control algorithm and then results in the following

ch: racteristics.

1. In this control algorithm, the rotor position can be
estimated without an information about back EMF
constant.

2. Even if R and L values vary up to 30%, a stable
sensorless control is possible.

3. The characteristic can be changed somewhat by the
initial rotor position at a start.

WVhen the rotor position is aligned to fix the initial
position, the alignment characteristic can be changed by
the rotor position.

f this control algorithm is applied to the PMSM, an
imrovement in productivity and an increase on durability
ar. expected by not only the performance improvement of
pr.ducts but also the simple structure. In addition, even
thcugh a motor characteristic or a manufacture is changed,
th: changed system can be accessed by using the known
mctor parameters.
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