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Abstract— This paper presents the modeling of Permanent
Magnet Synchronous Motor (PMSM) drive which is modeled
by using vector control and design of controllers for the
reliable operation of Permanent Magnet Synchronous Motor.
The motor model of both surface mounted (SPMSM) and
interior PMSM (IPMSM) along with the controller is first
simulated in MATLAB Simulink. Two different design
methods are used for speed and current controllers design.
The current controller is designed using the magnitude
optimum method where the controller time constant is set
such as to eliminate the largest time constant of the motor
model. The outer speed controller is designed using
symmetric optimum method. Both the methods are explained
in detail in this paper. For the field weakening the negative d-
axis current is injected to the motor and the speed above the
rated speed is obtained.
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Symmetric Optimum, Field Weakening, Maximum Torque
per Ampere Control (MTPA)

I. INTRODUCTION

Electric motors have been generally utilized as a part of
numerous applications, for example, household appliances,
electric vehicles, and in industries for the generation of
mechanical energy from electrical energy. Because of certain
flexibility in operation Direct Current drives ruled
Alternating Current drives in the customizable speed drives
till innovation of power electronic concept. Squirrel cage
Induction Motor are extensively used because of easy
construction, cost in the development is low. Yet, Induction
Motors are not reasonable for the area where there is a
requirement of exact speed and control of the position.
Comparing all the Alternating Current drives PMSM are
broadly found an application many area where induction
motor cannot be used. Permanent magnet motors are the
better alternative for servo drives which are of kW range. By
seeing the class of magnetic material which is used it has a
various designs and the much better result is acquired by
using the materials such as Neodymium-Iron-Boron which
has the combination of large value of flux density and the
coercive force.

The behavior of permanent magnet motor with
sinusoidal back emf is discussed in [5]. There are different
methods of controlling Permanent Magnet Synchronous
Motor. In [6] the direct torque controls of the PMSM with
fuzzy based controllers have been discussed. This method
results in the reduction of torque fluctuations. In order to
increase the efficiency of the motor control algorithm for
stator is introduced [7]. Based on the modelling of the motor
the controllers have been designed namely inner current loop
and outer speed loop [8]. For optimization of efficiency the
losses in the motor are taken as objective function and the

design parameters are determined which reduces the
objective function.[9].

There are two types of Permanent Magnet
Synchronous Motor relying upon the area of magnets on the
rotorside as Surface mounted Permanent Magnet
Synchronous Motor and Interior Permanent Magnet
Synchronous Motor. In Surface mounted Permanent Magnet
Synchronous Motor the magnets are located on the surface of
rotor. For high speed operation these are not suitable as
magnets will be thrown outside due to centrifugal force. In
IPMSM the magnets are available inside the rotor and this is
reasonable for rapid operation. In interior Permanent Magnet
Synchronous Motor the inductance is the function of position
of rotor and also IPMSM contains one more torque reluctance
torque along with the developed torque. The simulation is
carried out in MATLAB/simulink

Il. PMSM MODEL

This section deals with the modeling of the motor in rotor
reference frame. The vector diagram in diagram Fig 2 gives
the relationship between different reference frames. The
motor modeling this done in rotor flux reference frame which
makes the process simpler since in this frame almost all
quantities are rotating with synchronous speed.

The three phase stator voltage is transformed to two
phase a — b axis voltage then d — q axis that is rotor flux frame
voltages are obtained from the transformation of a — b axis
voltage. From these voltages the two orthogonal currents are
obtained. The diagram explaining the construction of Surface
mounted Permanent Magnet Synchronous Motor is given in
fig 1(b). Since the magnets are on surface of the rotor to get
permeability of air, it is called as surface mounted motor. In
this construction the air gap flux density will be uniform and
it has only magnetic torque.

Fig. 1: Construction diagram of SPMSM and IPMSM
Consider V,,V,, V. as three phase voltages and
I, Iy, I. as three phase currents and @,, @y, @. as three

phase stator flux linkages of the motor.
q b

isb

Fig. 2: Vector diagram
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Let V,, and Vg, be the a-b axis voltages given by the
equations bellow,

. d
Vsa = Rslsa + alpsa @
. d
Vsb = Rslsp + Eq}sb (2)
Where ¥, W, are the flux linkages
W, = Lgigy + Ppcose 3)
Yo, = Lgigp + Wpsine 4)

Where ¥, is the permanent magnet flux.

Fig. 3: Two phase system
The equation (1) and (2) can be rewritten as

Via = Ryisa + Ly S — Ppwsine (5)
Vib = Rylgp + Ly iy + Ppwcose (6)
Where

de

dt
Figure 4 below shows the electrical equivalent of
SPMSM.

s Rs S
iso Rs Ls
Vsb C l-l[/pwcos‘s

Fig. 4: Electrical Equivalent circuit of Permanent Magnet
Synchronous Motor
The a-b axis voltages can be converted to d-q axis
voltages by the following formulae as per Parks
Transformation.
In the rotor reference frame
Vs(e 50 = vgq + Vsq (7
(e O =gy + jisq (8)
Angle between stator and rotor frame is represented
as €.

. d . .
Vsa = Rgigqg + Lsalsd - stlsq 9)
. d . .
Vsq = Rgigqg + Lsalsq + wlgigg + Yoo (10)
From the above equation the equation for D-Q
currents can be obtained.

And mechanical model equation of the motor can be

written as,
clooR

- —Tla—T (11)
The developed torque is given by
Ty = 22 Wpisq (12)

The procedure for modeling of Interior Permanent
Magnet Synchronous Motor is same as that of Permanent
Magnet Synchronous Motor. Fig 1(a) shows the construction
of the same motor. Since the permanent magnets are at the

inner side of the rotor the name interior PMSM which results
in non-uniformity in the distribution of the air gap flux
between stator and rotor. Rather than PMSM this motor has
an additional torque to magnetic torque. The value Ly and
Lqwill be different here, and thus the equation for voltage in
d-q axis are re-written as

isd = if(vsd - Rsisd + quisq)dt (13)

isq = Liqf(vsq - Rsisq — wLgisq — w@p)dt (14)

The developed torque is given as
T = zg (insq + (Ld - Lq)isdisq) (15)

Here we can see that torque depends on both d-axis
and g-axis current values.

I1l. CONTROLLER DESIGN OF IPMSM

Proportional Integral controller is used for the design of
controllers, namely speed and current controller. The block
diagram of the controller for Interior Permanent Magnet
Synchronous Motor is shown below.

O o ? .
@ Speed 1 he Current v .
controller ™! controller] 5 vy

@ L 3 | Ve !

J2 | val pwm | Y]
& Inverter _@ ©
W

Current . 3 i 2
Vi3 o,

3phase| [,

to
= | 2phase

B

Fig. 5: Block diagram for control of IPMSM

A. Current Controller

= .
|

sq sq
»  PWM »  PLANT >

Pl
Controller

Fig. 6: Block Diagram of current controller
Block diagram in fig 6 gives the principle of current/torque
controller design. Magnitude optimum is used for the
controller design. The key principle behind this method is to
cancel the largest time constant of the system with controller
time constant. Current reference is compared with the
feedback and the error is given to the PI controller.

Transfer function of PI Controller is given by

c(s) = Kpq 1::;“’ (16)
Transfer function of plant is given by
1 1
G(s) =—(— 17
(s) Rq (1+S;_q) 7)

S

Where Kng=Controller Gain

Tng=controller time constant

Here it is assumed that Vg, = V4 and the feedback
is obtained from the estimator is assumed so accurate that isq
can be given directly as feedback. Feed forward terms are
included to compensate the cross coupling terms.

Since magnitude optimum eliminates largest time
constant it makes them system response faster. Largest time
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constant of the system is electrical time constant. So we can
write,

L
Thq = R_Z (18)

From this method zero of the controller cancels the
pole present in the system which will increase system
response and overshoot in the gain plot.

The transfer function reduces to

iqs(s) _ an
igs*(s)  Rg*STpq (19)

The motor operates in analog domain and its
controller will be in digital domain. Therefore there should be
interface between them. Analog to Digital Coder and
encoders are used for analog to digital conversion of the
quantities which will introduce some delays to the system
which cannot be neglected so a delay transfer function is
added to the system with a time constant T, whose value will
be equal to the reciprocal of the switching frequency of the
system. At the peak of the carrier frequency fetching of the
signal to controller will result in zero mean value of noise thus
fetching the signal at each peak point will also add some delay
to the system which is also included in the delay time
constant.

Tz = % (20)
S
The Tz valueshould be small with respect to
electrical time constant of the motor. (Tz << Ts).

Now the open loop transfer function is given by

—Kng , 1,1
L(S) = STnq z 1+sTz z Rs (21)
Closed loop transfer function becomes
_ Knq
T(S) - sTpqRs(1+sTz)+Knq (22)

1) To calculate the value of Kng
Rearranging the denominator of equation (22) in the standard
form we get

280, = o (23)
wy? = —2d (24)
il TnqTzRs

Taking situation of critical damping of the system
where the overshoot will be less than 4.2% the value of & can
be taken as v/2 for critical damping. Then the controller gain
can be given as,

_ TngRs

Kng =7, (25)
Kng value is substituted in equation 4.7 the resultant

transfer function can be given as
1

T(S) - 252Tz2+2sTz+1 (26)
Transfer function of PI Controller is given by
1+sTnd
o(s) = Kna o (27)

Where K,,4= controller gain.
T,q= time constant of the controller
For D axis similar procedure is carried out with the

plant transfer function as
1

Gs) = () (28)

S
For D-axis current also the procedure for controller
is same as that of Q-axis current controller and the final
equation will be same as (26).

B. Speed Controller

*

@ Pl 7 1 sy Isg ®
Controler o o —> K :
- T, =
1y

Fig. 7: Block Diagram of speed controller
Transfer-function of speed Controller

1+sTw
c(s) =K, T
Tw = Controller time constant
Current controller transfer function is given by

T(s) = - (30)

252Tz2+2sTz+1 .
Here since the delay time constant is very small
square term of which can be neglected and thus the current

controller transfer function becomes,
1

o
o

(29)

T(s) = (31)
2sTz+1 . i
Open loop transfer function is
_ Kw(1+sTw) 1 1
L(S) - sTw * 1+2sTz * Js (32)

By substituting K = Zlﬂ in equation (32) the transfer
function becomes

L(S) — Kw(1+sTw) " 1 " K (33)
STW(1+sTw1)+ZSTZ 2Tzs
L(S) - a(4s3TwTz2+2TwTzs?) (34)
Where K * Kw = i (35)
a is called as the double ratio. Also we can write
Tw
2 _
2Tz
The closed loop transfer function is given by
T(S) — (1+sTw) (36)

a (4s3Tszz+2TszsZ+(§)(1+sTw))
The bode plot for equation (36) gives less overshoot
for a=2. The small overshoot in system is due to the zero of
the transfer functionat s = ——
The large overshoot in the system is removed by
adding a pre-filter to the system whose transfer function is
given by

1

F o —
) 1 + 2Tza? ]
Now the overall transfer function becomes

(14sTw)
T(s) = 7
(S) ax(1+2Tza?2) (4s3Tszz+2TszsZ+(§)(1+sTw)) (3 )

The controller for the surface mounted PMSM can
be designed in a similar way by substituting Ly = Lq = L
w ] L S o S i % .
. i P
Vb* . vb* vb"-‘_:
|

shit)

Lrl
&

Vdc/2 c(t)

Fig. 8: Null component Injection
Once the controller is designed then the output of the
controller will be D and Q-axis voltages which in turn
converted to two phases and from two phase to three phase
quantities. These three phase quantities acts as reference

s Se(t)

>

B B B
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wave and compared with carrier wave in order to produce
switching signals to the inverter. The motor gets the supply
from the three phase inverter unit.

The maximum modulation index can be reached in
sine triangular PWM is one for normal operation without any
disturbance. In null component injection method this
maximum value can be extended by injecting a null
component that is the third harmonics of reference wave to
reference wave from which even though phase value of
voltage changes line voltage will not have any effect.

C. Field Weakening and MTPA Control

Maximum torque per ampere control is achieved at all the
speeds till the motor reaches its base speed which is nothing
but the maximum speed which can be achieved without filed
weakening control. The objective of MTPA control is that for
permanent magnet synchronous motor the maximum torque
can be obtained at a given phase current by maintaining a
certain torque angle that is the angle between positive D-axis
and current phasor in D-Q frame. The copper losses are
minimized as the phase current value is minimum.
1) Surface Mounted PMSM
Since the value of both direct axis and quadrature axis
inductance is equal in SPMSM the maximum value of torque
only depends on the quadrature axis current value. Direct axis
current will be kept zero at the largest value of torque.

The limitations in the voltage and current for the
SPMSM are restricted by the following constraints.

isd2 + isq2 = imax2 (38)
Vsd2 + Vsq2 = Vmax2 (39)
N \%
With v,y = %
Substituting the values for v4 and vs, We get,
: . Vmax
VW, + Laig)? + (Lgig)? = m—:; (40)

For SPMSM, Lg = Lq = L

Limitation of the voltage is represented in terms of
currents in stator as given by (40). The direct axis inductance
is same as the quadrature axis inductance in SPMSM. So the
rearrangement of the equation (40) indicates that equation

represents circle equation with center (—%,0) and radius

Vmax _
L U
. Y
lqo= — L_: (41)
Equation (41) represents the directaxis current
which is required for the flux weakening region for complete

compensation of PM flux.
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Fig. 9: Current and voltage limit circles

Fig 9 indicates the characteristic curve of SPMSM.
Direct axis current is represented in x-axis and quadrature
axis current is plotted across y-axis. Blue represents the circle
of current limitation. Red Circles which is having a center at
(-iq0, 0) represents the circle of voltage limitation. As the
speed is increased the radius of the red circles reduces and
infinite speed is reached at (-igq, 0). The black lines that are
parallel to x-axis are the torque lines of constant magnitude
and are dependent on the value of isq. At the beginning the
circle of voltage limitation is has very large radius and it is
not effective. Here only the current value should be taken care
of, so that current limit is not exceeded. When the speed is
increased the radius of voltage limitation circle decreases.
From equation (38) we can calculate the maximum value of
negative current of direct axis needed to achieve the
maximum speed in the flux weakening region.

2) Interior PMSM

The equation for torque in an IPMSM is a function
of@y, isq, isq, Lg and Lq. From the different combination of
isq and igq We can develop same magnitude of torque. There
are two components in the torque produced by IPMSM
motor. First component is torque developed from PM flux
and is termed as magnetic torque. This is represented by the
equation

T =2 PWpigg (41)

Second component of the torque is given as
reluctance torque and represented as

T = 2P(Lg — Lq)isqisa (43)

The direct axis inductance is different compared to
the inductance of quadrature axis in IPMSM because the
airgap in case of direct axis is larger compared with airgap of
quadrature axis. This causes the inductance of quadrature axis
is larger than direct axis. So to obtain the maximum value of
torque it is necessary to inject negative current igy.

By rearrangement of Equation (40), it is clear that,
equation represents the ellipse and it has center at location

. . . V. .. .V
(-22,0) and semimajor axis as —22%  semiminor axis —22X,
Lq wLg wlg
Equation for negative directaxis current is
. wp
ldo= — 1 (44)
d

There are two conditions that is center point of
ellipse lies within current limit circle or outside the current
limit circle. If the center lies within the current limit circle
then theoretically we can obtain unlimited speed and if the
center lies outside the current limit circle then limited speed
can be obtained in the field weakening region.

g

Constant
Curre|

4 [Maxirhym Current
Maximum Torque per’Ampere Curve™.

Id

Fig. 10: Characteristic curves of IPMSM
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Fig 10 gives the characteristic curves of IPMSM. In
diagram there are two circles. Smaller circle indicates the
current limitation for one particular value and larger circle
shows the largest value of the current. Ellipse indicates flux
limitation. As speed values decrease the ellipse also starts
shrinking. From the different combination of direct axis and
quadrature axis current the torque values are generated and in
figure dotted lines show the constant curves of torque.

IV. SIMULATION RESULTS

PMSM Model along with controller is simulated in
MATLAB Simulink. The data for the simulation is given in
the below table. Waveforms obtained are shown below.

A. Surface Mounted PMSM

Parameter Value
Rated Power 800kwW
Voltage(L-L) 690 V
Current rating T14A

Speed 1495 rpm
Eb 730V
Number of poles 6
Frequency 74.75Hz
Stator Resistance | 0.0054Q
Stator Inductance | 1.3mH
Flux 1.2679
Inertia 82kg-m?

Table 1: Data used for Matlab Simulation

Fig. 11: Response of the speed in the absence of controller
Speed response of PMSM in absence of controllers is
displayed in Fig 11. From the waveform its clear that speed
response oscillates to very high extent at the start. Time taken
for settling at the base value is very long. Load torque is
introduced at 0.2S, this again causes the oscillations. In real
world this type of speed nature is not fair. Oscillations should
be removed and controllers should be designed. Realization
of controllers is done by proportional integral controllers.
Chapter 3 explains the design and tuning of controllers in
detail.

Fig. 12: Complete block diagram of SPMSM

Fig 12 shows the complete block diagram of PMSM
along with controller. All the parameters are derived from the
above equation in section Ill. The delay time is taken as
reciprocal of half of switching frequency which is equal to
75ps.

NULL COMPONENT INJECTION

Fig. 13: Complete block diagram of IPMSM

Third harmonic injection is given in Fig 13. To
obtain PWM pulses sinusoidal signal acts as reference signal
and triangular signal acts as carrier signal. The voltage
utilization is low in case of sinusoidal PWM technique.
Hence to utilize the voltage with higher percentage, addition
of third harmonic component is done. Voltage is utilized 15%
more compared to the normal sin-triangle method as there is
increase in amplitude of reference wave.

Surface Mounted PMSM Speed response

Fig. 14: Speed response of SPMSM

Fig 14 shows the speed response of Surface mounted
PMSM. Reference speed set is the rated speed. At 0.2S these
is dip in the response as the load torque is introduced.

B. Interior PMSM

_

Fig. 15: Complete block diagram of IPMSM

Parameter Value
Line voltage 208 V
Current rating 4A
Speed 1800 rpm

DC Link voltage 316V
Number of poles 4

frequency 60Hz

Stator resistance 1.93Q
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D-axis Inductance | 42.44mH
Q-axis Inductance | 79.57mH
Flux Linkage 0.311

Inertia 0.003kg-m?

Table 2: Data used for Matlab Simulation

PWM PULSES

Fig. 16: PWM Pulses

Control signals for a phase a is S,, is given in Fig
16(a), whereas for b-phase S, is given in 16(b) and for ¢ phase
S¢ is given in 16(c). Fig 7.9 indicates PWM signals obtained
by analyzing reference signal and carrier signal for
controlling output voltage of inverter.

‘OUTPUT VOLTAGE

el ol e e il o

“WWW'WWMWWWMW %WM | M

Time

Fig. 18: Speed response of the IPMSM

Reference value for the speed controller is set at the
rated speed of IPMSM. Response obtained is displayed in Fig
18. Response has a overshoot 2%. At 0.2S there is
introduction of the load torque. Response has s small dip at
this point. Speed quantity is converted to electrical quantity
by multiplying with P/2 and analyzed with reference speed.
From above it is clear that oscillation in speed response of the
motor is reduced to acceptable range when compared with Fig
7.1.

V. CONCLUSION

Modelling of the two types of PMSM namely SPMSM and
IPMSM are done by field oriented control method. By this
method it completely decouples the quantities and the control
becomes easy. Once the modelling is done next step is to
design the controllers for motors. The design of
current/torque controller is done by magnitude optimum

where the elimination of largest time constant is involved.
Other controller is speed controller and design method
involved is symmetric optimum method.

MTPA control is for SPMSM and IPMSM is carried
out. The minimum current required to obtain the largest value
of torque is determined by the calculations. For IPMSM the
equation for the minimum value of current required for
generation of highest torque is derived. MTPA control is done
till rated speed of motor. Above base speed flux is weakened
by injection of negative current and causes reduction in
torque while speed is increased. Here lookup table based
method is used for the field weakening and it doesn’t take any
saturation effects within model. We can perform the flux
weakening with effect of saturation as the effective results are
obtained or can use other effective methods. Also this
complete model can be realized in digital platform such as
Digital Signal Processor or Field Programmable Gate Array.
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