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ABSTRACT

KEYWORDS: SynRM Control; Sensored Vector Control; Finite Element
Analysis

With the advancements in digital control technology, Synchronous Reluctance
Machines can become a viable alternative for Permanent Magnet Synchronous
Machine and Induction Machine. The most conventional control is Maximum
Torque Per Ampere when the machine is operating below the rated speed. How-
ever, oversimplification and neglecting saturation, while estimating the direct and
quadrature axis inductances results in an inefficient control strategy. With the help
of finite element analysis, we can remove these assumptions and come up with

improved control strategies such that drive utilization is maximised.

This project report presents the conventional operating regions for a 22kW
SynRM, and then uses finite element analysis to find better operating points for
the machine. MATLAB/SIMULINK is used for the verification of sensored vector
control. Finite element analysis is performed using Ansys MAXWELL-2D. Back
to back converter was also assembled for the upcoming 22kW SynRM.
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CHAPTER 1

INTRODUCTION

2020 was the warmest year recorded by NASA [1]. For past decades, this trend in
global warming has pushed every industry to become more power efficient while
keeping emissions low. According to a study [2], more than 45% of the electric
power consumed globally is by electric motors used in general purpose applica-
tions such as fans, pumps or compressors. Almost 90% of those are induction
motors which are used due to their simplicity in construction, robustness and low
cost. However, induction motors have lower efficiency when compared to other
alternatives. Permanent magnet synchronous motors (PMSM) have gained popu-
larity due to their higher efficiency and power density. The automobile industry
has seen wide adoption of PMSMs, recently in electric vehicles(EVs). With each
passing year share of EVs in the market is increasingly pushing the demand for
better machines. But PMSMs use rare earth materials such as neodymium whose
supply is predominantly determined by geopolitics. This limited supply of rare-
earth materials results in higher prices which becomes a major hindrance for the
widespread adoption of PMSMs. Synchronous reluctance machines(SynRM) may
provide a promising alternative to both induction motors and PMSMs .

SynRMs do not have permanent magnets or windings in the rotor and the
stator is similar to that of induction machines. The torque produced is due to
reluctance and is caused by the difference in direct axis (d-axis) inductance and
quadrature axis (q-axis) inductance. Early SynRMs had poor performance and
were neglected for the first half of the 20th century. During the 1960s SynRM
was developed for the textile industry as line-start synchronous AC machines [3].
Such motors were fed directly from the mains supply but suffered from low power
factor, and it wasn’t until the 1990s that research focused on novel control strategies
and increased understanding of the motor characteristics [4][12]. Nowadays the
focus is on the electromagnetic design of the rotor and its optimization[6]. A well-
designed SynRM with an appropriate control scheme can replace conventional

solutions in certain applications.



1.1 SynRM Overview

The development of a mathematical model for SynRM started as early as 1923
[5]. The stator of the SynRM has sinusoidally distributed windings just like a
traditional induction motor and is fed with a balanced three-phase supply. The
rotor has saliency due to flux barriers placed such that the ratio of d-axis inductance
to g-axis inductance is maximized giving higher torque. The idea of SynRM is
based on reluctance torque. A simple system as shown in Figure [1.1{ shows the

concept of reluctance torque.

Figure 1.1: Reluctance torque.

If the system in Figure is supplied with current then this will result in
alignment of iron bar along the magnetic field as shown. This happens because
when we apply magnetic field the iron bar will align such that the reluctance is
minimized or the inductance is maximised. Figure [1.2| shows a section of cross-
section of a 4-pole SynRM rotor. We can see from the figure that air gaps along the
g-axis increase the reluctance compared to d-axis. Here we follow the convention
of the d-axis being the path of least reluctance and highest reluctance is observed
along the g-axis. This results in higher inductance along the d-axis and lower
inductance along the g-axis. The ratio of d-axis to g-axis inductance gives saliency
ratio. This ratio is critical to the machine performance and we try to maximize
it by the electromagnetic design and optimization of the rotor[6]. As we will see
in chapter 2, the torque developed by the SynRM is proportional to the difference
between d-axis and g-axis inductances. A good SynRM has a large saliency ratio,

which ensures a high power factor, high developed torque and better efficiency.



Figure 1.2: SynRM rotor cross-section with d-q axes shown..

1.2 Control Techniques

During the early 1970’s Blaschke proposed vector control for AC motors [7]. [4],[8]
discusses the vector control strategy for SynRMs. In vector control, the 3-phase
stator currents are represented in a d-q reference frame attached to the rotor,
these d-axis and g-axis stator current components are then decoupled in order to
have independent control of each component. This transformation from the stator
reference frame to rotor reference frame requires prior knowledge of rotor position.
The rotor position can be measured by a suitable sensor or we can estimate it based
on flux linkage and torque computation giving rise to sensorless control[9]. One
can further classify the control techniques[10] as maximum torque per ampere
(MTPA), maximum rate of change of torque control (MRCTC), and maximum
power factor control (MPFC). MTPA is achieved when d-axis and g-axis current
components are equal, and is of interest when one needs to operate the motor at
high efficiency below the base speed. MRCTC[11] was developed for high-speed
applications like machine tools where the main focus is response to the load torque
impulses. In induction machine field weakening is required for the machine to
operate beyond base speed. However, it is difficult to define the concept of ‘field’
in SynRM since torque production does not depend on the interaction of rotor
current and magnetic field, but we can define a constant power mode of operation
beyond base speed meeting certain criteria like MTPA[10].

1.3 Outline Of the Report

The goal of this project is to understand the control of SynRM under various op-
erating conditions and use FEA to get better operating points compared to the



conventional methods. This report mainly discusses the modelling of SynRMs
with vector control as the main focus with a brief discussion on field weaken-
ing operation. Later the machine is analysed for the operation under saturated

conditions and the influence of variations in machine parameters is studied.

Chapter-2 gives a detailed description of the mathematical model of SynRM. This
chapter is divided into two sections. The first section describes the dynamic
equations of the SynRM in rotor d-q reference frame. The second section
focuses on control techniques when the motor is operated below and beyond
base speed. This section will mainly discuss sensored vector control based on
MTPA below base speed operation. Power factor relation is derived which
we use in chapter 3 while doing finite element analysis. Later normalization
of the machine equations is performed in order to understand the effect
of saliency ratio on the machine. This normalized model is then used to
study the operation of SynRM beyond base speed. Results obtained from the
simulation of a 22kW SynRM are presented. The results were obtained for
below base speed operation and beyond base speed operation under constant
power. The simulation was done in Simulink and sensored vector control

technique is applied to the SynRM.

Chapter-3 presents a detailed discussion on the Finite Element Analysis (FEA)
of the machine under various operating conditions. A brief theory for the
inductance calculation method was presented. The results obtained were
discussed and based on that look-up table based control was proposed. Also,
this chapter briefly discuss the assumptions made in chapter-2 and how
they affected the conventional control strategies. Later MTPA was found
using FEA. The power factor variations were discussed and its effect on
overloading was also explained. This chapter summarizes the things one

needs to consider while designing a suitable control for the SynRM.

Chapter-4 briefly discusses about the hardware setup. A brief description of the
components used for the back to back converter is presented.

Chapter-5 gives a summary of the work done and future scope for improving the

work



CHAPTER 2

SynRM MODELLING and CONTROL

SynRM’s stator has distributed windings placed in a uniformly slotted stator core.
The rotor has magnetic anisotropy resulting in large difference between d and g-
axes inductances. Figure2.1|shows the stator and rotor of 4-pole SynRM. From the
figure we can observe that stator is similar to that of an induction motor whereas
rotor has flux barriers along a particular axis which results in higher reluctance
along one axis giving rise to saliency. The SynRM produces torque due to the
difference in d-axis inductance(L;) and g-axis inductance(L,;). A high saliency
ratio (C = L4/L,) is required for an acceptable power factor and wider constant
power speed range[6][10]. Both the magnetizing current and load torque current
component is provided by the stator current and under steady state rotor rotates
in synchronism with the stator magnetic field.

Figure 2.1: SynRM stator (left) and SynRM rotor(right).

In this chapter first, we will derive machine equations in d-q reference frame
based on the equivalent circuit of SynRM in d-q reference frame. Later we will
use these equations to understand vector control and formulate a sensored vector
control scheme which will be later verified in chapter-3 using simulations. After

understanding the behaviour of the machine below base speed, we will develop



constraints for operation beyond base speed. Under field weakening, we will
derive constraints for the operation of motor in constant power mode beyond base

speed.

—_
Convention: In this report a space vector V is represented as Vy, where subscript(x)
denote rotor as r and stator as s. Whereas superscript(y) denotes rotor
reference frame as r and stator reference frame as s. For example if

%
viwill represent stator voltage refered to rotor reference frame.

2.1 Dynamic Equations of SynRM

Figure [2.2|shows the equivalent circuit of SynRM in d-q reference frame [6].
g q y q

Rs Lis 7%
s

-
S 1s )
> >
—\/\/\/\/‘—‘i;i ;( ;( ;15‘ »> >
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~

Figure 2.2: Equivalent Circuit of SynRM.
_)
From the equivalent circuit we can write stator flux referred to rotor (\V} ) as :

—

- —
W= Lil + W 2.1)

—
where L is stator leakage inductance, W), is mutual flux vector in rotor reference

H
frame and i, is stator current refered to rotor.

—
We can write W/, in d-q reference frame as resultant of d-axis mutual flux and

g-axis mutual flux:

H
W, =W+ W,

—> -
Similarly, resolving W’ and i} in d-q reference frame and substituting in equa-
tion 2.1, we get



Wi + j\ysq = Lis(isa + jisq) + Linalsa + jLMqisq

where L,,; and L,,; are mutual inductance of d and q axis respectively, and iy

and i,, are stator currents along d and q axis.

Equating real and imaginary parts of the above equation gives d-axis and g-axis

stator flux:

\ysd = Llsisd + Lmdisd

\Psq = Llsisq + Lmqisq

If we represent Ly, as total d-axis inductance and L, as total g-axis inductance
then,

\I]sd = Lsdlsd

W, = Ly,

Thus we arrive at equation 2.2 for stator flux referred to rotor in terms of

inductances and currents as:

H 2
Wi =Wy + ¥,
H
\I]; = Loglsg + jquisq (22)

2.1.1 Stator Voltage Equations
From figure stator voltage in stator reference frame (;2)) is

-2

P : Wt
v, = Rs1; +

Y

[}

S



where R; is stator resistance, i is stator current referred to stator and WV; is

stator flux linkage in stator reference frame.

Let O be the rotor angle measured from stator axis then we can write a relation
between stator voltage in stator reference frame and stator voltage in rotor reference
frame as

-
:US

Sl

el?

here multiplying by e/? performs rotation of quantities, thus converting from

stator frame of reference to rotor’s reference frame.

Therefore we can write,

- . - . d — .
ve =R, itel® + %(\Pgeﬁ)

- . - . d—= = ..d
vel =R, itelf + efea\lfg + ]\ygeﬂae

on simplifying we get stator voltage refered to rotor as:

o7 LT T
Us = Sls+a s T sa

expressing i, and v, in their respective d-q axis components gives

. L a, . . .. N
Usq + JUsq = Rs(lsd + ]lsq) + %(Lsdlsd + ]qulsq) + ](Lsdlsd + ]qulsq)ae

On equating real and imaginary parts of the above equation, we will get equa-

tions 2.3 and 2.4 which represents stator voltage equations.

. d . . d

Usq = Rglsg + E(Lsdlsd) - qulquG (2.3)
. d, . .. d

Usg = Rslsq + E(qulsq) + ]Lsdlsdﬁe (24)

We can define electrical rotor speed (w) as:



d
= —0
T
substituting this in equations 2.3 and 2.4, we can write stator voltages of SynRM

in d-q frame of reference as shown in equations 2.5 and 2.6.

d
Usqg = Ryigy + E(Lsdisd) - quisqa) (25)
.ood . o
Usg = Rilgy + a(quzsq) + jLsgisaw (2.6)
2.1.2 Developed Torque Equation
We can derive equation for torque developed in SynRM as:
2 P— -
= 2. (W'x{ 2.7
myg 3 2( s X Zs) ( )

where P is total number of poles in the machine and
W = Lygisa + JLeglsg & 17 = 1gg + Jigg

Evaluating cross product in equation 2.7 gives developed torque as;

2 P 2 ]A ¢
Ma=73"5" Letsa Lsgisg O
isd isq 0
2 P . .
— my = § : 5 : (Lsdlsdlsq - qulsqls‘i)

Equation 2.8 gives us the final expression for torque produced by the SynRM.
As mentioned earlier we can see that torque is proportional to the difference in
d and g-axis inductances, as well as it is proportional to the current components.

This relation will later be used as the basis for the MTPA control.

mg = “(Lsa — qu)isqisd (2.8)

WIN
N

9



We can also define a parameter k; as given in equation 2.9, this form of rep-
resentation is useful when we find proportional and integral coefficients for the

closed loop control.

kt:

WIN
N[

’ (Lsd - qu) (29)

We can express torque in terms of k; as shown in equation 2.10.

my = ktisqisd (2.10)

2.2 SynRM Control Below and Beyond Base Speed

Before we study vector control, a basic understanding of MTPA [10] is necessary.
Since our study is focoused around MTPA and the same is utilised for normalisation
of machine equations, which will then be used in the study of field weakening.
One can note that we can also develop control strategy based on MRCTC [11]
which will only result in the change of current reference calcuation in the control

scheme.

2.21 Maximum Torque Per Ampere (MTPA)

To minimise copper loss for a given operating power, we need to use maximum

torque per ampere(MTPA) control.

If the magnitude of stator current of the machine is I;, we can write it as

— 2 2
Iy = \Jii, + Isg

then we can write torque developed using equation 2.10 as:

1. p_=»
mg = kyig,g I -5,

To maximise torque per ampere, we find derivative of m; w.r.t i;; and equate it
to 0,

10



Equation 2.11 gives us the d and g-axis currents when the machine operates in
MTPA.

£

V2

iy = ieq = (2.11)

2.2.2 Sensored Vector Control Scheme

The control scheme discussed here assumes that rotor speed or position is known.
This can be achieved with the help of an encoder or a resolver or any other sensor
which gives positional information of the rotor. The control system has an inner
current control loop and outer speed control loop as shown in figure

Inverter
Vi 1 4 @ (
PI controller T \ PI controller 1/ fa T \
=D i i enc

Gate pulses

Sine PWM
abc

Figure 2.3: Closed loop sensored vector control .

In the speed loop, reference speed is compared with the measured speed of the
rotor and the error signal generated is given to the PI controller. The output of the
- is used to calculate reference currents
given to d-axis and g-axis current controllers.

PI controller is Torque(m,) reference. This m

In both the d-axis and g-axis current loop, 7 is used to compute the reference

currents (i7, and i;,). Since we are operating under MTPA, 7’ is found using square

11



root operation on n7;. If we reference torque is positive then we take i}, = i,
otherwise we take 7, = —i;q. These references are compared with measured iy
and iy, and error signals are given to respective PI controllers. The ouptut of these

, and ;.

to abc reference frame(using Park’s transformation) and given as reference to the

PI controllers give reference voltages v’ These voltages are converted

inverter. It is to be noted that limits to PI controller ouptuts must be applied, which
are decided based on the rating of the SynRM.

Figure 2.4/ shows signal flow graph of the system. From this graph we get feed
forward terms as:

ef fd: —Lgisqw
Effq : Lsdisda)

o—>
Vq
o>

Figure 2.4: Signal flow graph.

For text to be more legible, as far as control portion in this report is concerned,
we will omit s from the subscript of stator parameters. i.e. iy, is, Usq, Usq, Lsa, and
L, will be written as iy, iy, U4, vy, Lg, and L.

2.2.3 Control Parameters

For the control shown in figure we can calculate controller paremeters as
shown in the following sub-sections. For a practical drive application where there
is significant inertia it is assumed that the current loop response is much higher
than that of speed loop response. Typically desired current loop bandwidth is in
10s of milliseconds and speed loop bandwidth is nearly 10-100 times or higher.

12



2.2.3.1 Current Loop

We have d-axis plant model as:

L 1
V, R,+sL,

If we use PI controller,
i +k
s

where integral and proportional gain for current loop is ki, k,. respectively. If
bandwidth of the PI controller is 7, then;

ki Ky kye(1 +5Tc)
—+kpC:— kpcz—
Tpe STpc
where;
k
pC
kic = -
Tpe

Then for 1% order response of the current control with desired bandwidth of

T,., we get:

1 ' kpe(1 + sTpc) _ 1
Ry(1 +s%) STpe SThe
If we take,
Ly
.= — 2.12
Tp Rs ( )
we get our gains as:
L
kpe = =2 (2.13)
Tbc
k
kie = — (2.14)
Tpe

g-axis control parameters are found in a similar fashion.

13



2.2.3.2 Speed Loop

For the machine with load torque m;, inertia | and frictional coefficient B, we can
write
dw
my =m; + [— + Bw
d 1+ ] 7

If we know frictional coefficient of our plant then our model will be as shown

in figure.

Without loss of generality, we can consider inner loop(current loop) gain as
unity because current loop response is much faster than required speed loop re-

sponse. If 7; is desired speed response then:

kpw(l + STpa)) ) k; _ 1 (2 15)
S5Tpw B(1 + S%) STZw
If we take
Tpw = é (2.16)
we get our gains as:
J
k,o = 2.17
P ktTZw ( )
kpe
ki = —— (2.18)
(o

Symmetrical Pole Placement:

In most of the practical scenarios we can not determine B, thus we treat Bw, term in
torque equation above as unknown disturbance. We can write our modified open

loop gain for speed control as:

kpw(1 + 5Tp) 1 ki
STpa (1+sty) s]

14



We get controller bandwidth as geometric mean of current controller and de-
sired bandwidth, i.e 7,, = /7457, , normally we choose 7; = 10-7; & T, =
10 - 7; ,then we get.

2.24 Field Weakening Operation

We have SynRM equations as:
(%] R, + dei —wL iy
= t Al (2.19)
vy wL, Rs+ Ly | |7
T = kilsgis (2.20)

Where vy, i3, Ly and vy, i,, L, are stator voltages, currents and inductances in d
and q axis respectively. w is rotor speed and 7 is generated torque.

2.2.4.1 Normalization of Machine Equations

In order to get machine-independent performance information from the above
equations we normalize them[10]. This leads the analysis to be dependent only on
saliency ratio C.

Normalization is based on the rated values when machine is operated under
MTPA control.

If w, is rated speed and i, is rated current then;

o
V2

Also other bases for the normalization can be calculated as are:

igo = igo =

P 2
5 o 2.21)

To = (Lsg — qu)_

2

WIN

15



pwz = L

W, = ‘Ifﬁ q \/E

I2+12 (2.22)

since v, = /05, + UZ,; and neglecting stator resistance and under steady state

we can write

v = \/(wo\yq)z + (@0 W,)? = wo W,

Therefore normalised machine variables can be written as

. _ T . _v.; _ 1. —
yTn=—,0,="—,1,=+,Wy =
To Vo 1o

W, =

Ele
S

Applying above normalizations to machine voltage equations we get:

.. da, . . ..
VinVo = Rsignio + —(Lalanio) — Lyignio@n@o

dt

neglecting stator resistance R, and expressing v, in terms of w, and W, we get;

1 . d ., ..
Ugn = ——— | Lgio—14, — quqnzownwo

wo.Y, dt
1 . d . .
Vin = : (Ldzoaldn - quqnzownwo)
a)ol;‘/'E VL3 + Lg

oo V2 (1d. L.
dn — qu a)odtdn qun n
()+1

Ly

substituting saliency ratio equation 2.23 in above equation gives us equation

2.24 which represents normalized d-axis stator voltage.

=4 (2.23)

R/l (1 d a)n.) (2.24)

Odn = \/m a)_oﬁldn - ?Z’in
Similarly if follow the procedure for v,, we will arrive at equation 2.25 repre-

16



senting normalized g-axis stator voltage.

V2o (1 d, :
Ugn = \/CZT (aalqn + a)nldn) (225)

And we can derive normalized torque (equation 2.26) as follows:

2 P Co .
TyTo = 5 . E : (Ld - Lq)ldnlollhllo
2 P 2 2P o
= Tng . E . (Lsd - qu)E = 5 . E . (Ld - Lq)ldnlolqnlo

Ty = 2iguigy = 1, COS B X i, sin

= 1, = i>sin2f (2.26)

where f is current angle which is defined as shown in figure2.5|

q
A

g

- > d
d

Figure 2.5: current angle in d-q frame of reference

Now we will use the normalized equations to find a relation between torque,
voltage, speed and current angle:

Since normalized current is expressed as:

T Tncotﬁ.l_ T, tan 8
sin2p” " 2 2

Thus using equations 2.24, 2.25 and 2.26 we can write:
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2 +1|\wodt 2 C 2
2 1 d Tn tan ,8 T, cot ﬁ
'an = d_
Since we know,
_ 2
V2 = vﬁn + U,

we can write;

¢ (14 w e
A e _@n
Un_C2+1(a)odtW Cm)+cz+1 T, dtm+wn\/7ncot

dp

For constant angle operation 2 = 0 and under steady state 2 = 0, above
expression reduces to equation 2.27.
) CZ a)z
v, = a1 (C2 T,tanf + w Tncotﬁ)
7,02
v2 = = (tanp + C* cot ) (2.27)

T +1

Rewriting equation 2.27 as equation 2.28 gives us a relationship between torque,

speed, voltage and current.

7, = L( vy (C+1) ) (2.28)

w2 \tan B + (?cot B

2.2.4.2 Operation Beyond Rated Speed

When we want to operate machine beyond rated speed i.e. the machine run out

of volts, i.e. when v,, = 1, then
1
Wy,

(2.29)

T, &
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To get constant power operation beyond base speed,
we gett, - w, = k, where k is some constant.

for this to hold when we operate beyond base speed when rated voltage is

reached, we get,

kwn:( (@ +1) )

tan  + C? cotp

since we were operating under MTPA till rated operationi.e 7, = 1and w, =1,
we get

k=1, -w,=1
therefore we get the relation:

C+1

n

tan g + > cot f — 0

For a given speed beyond rated value, under constant power operation, the

solution of above equation (if exists) will give the i; and i,values in field weakening

region.
ie.
Z+1
’tanzﬁ—C tanf+ > =0
or
ci_+1 + (%1)2 te
tanf = — > - (2.30)
For a real solution to exist we get;
2 1 2
(C A ) -4 >0
Wn
or
2+1
n 20 (2.31)
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therefore, (;22—21 sets the limit on w,if we want to operate our machine at constant
power in field weakening region. For the machine in Appendix 1 we get this

w, = 2.1511.

Using equation 2.28 we can define 3 modes of operation for SynRM[14]. We
can draw voltage, current and torque loci using the equations derived earlier and
then use equation 2.28 to find operating points. Figure 2.6|shows field weakening
operation of SynRM.

Constant Torque

IE | / [ Hyperbolae

Constan/ ,
Voltage
Ellipses B s
P DRy Current Limit Circle
/ A
Speed
.../ Increasing
C I -1

Figure 2.6: Field weakening operation of SynRM .

Mode-1: Maximum torque region: This is the region of low speeds where machine
operates at maximum torque while current is at its limit. In the figure point
A represents that operatig point. For point A, 0; = 45°and is discussed under
MTPA section.

Mode-2: Current limited region: From point A to B the speed increases however
the size of constant voltage ellipse decreases.

Mode-3: Voltage limited region: If the voltage is kept constant then in order to
increase speed we must reduce the current that is we move towards point
C. This mode with constant power operation sets the limit at speed given by
equation 2.31
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2.2.5 Power Factor

The equations derivied in previous sections is suitable to define MTPA operating
points. In practical scenarios our machine terminal voltage is limited by DC-link
voltage of the inverter. Therefore to avoid oversizing of the inverter or to define
the maximum power factor operating point, we must establish a relation between
power factor and machine parameteres. Under steady state, Figure[2.7|shows the
phasor relation between voltage, current and flux linkage while neglecting the

effect of stator resistance.

q
A
V; Vg = wwd

'l:q Is

1/%1 P,

..... 4
P : >d
Vg = *‘-‘ﬂ/r”q 1d %

Figure 2.7: Phasor diagram for SynRM.

From the figure the power factor is given as cos¢ and is derived as shown

below:

¢ =90-p+ tan—l(%) (2.32)
q

or

Yy
Yy

i
¢ = tan_l(,—d) + tan™}(
i
q
therefore we have power factor as:

Yy

PowerFactor = cos(tan‘l(z,—d) +tan"'(—)) (2.33)

q
g Ya

we can further solve equation 2.32 to get power factor in terms of saliency ratio

and current angle as follows.
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g Lolg
1, g Lgig
¢ = tan™ (————
_ laldl

iy Laia

on simplifying we get

C+tan?p
@Y = T ) anp
therefore we get power factor as:
cos ¢ = -1 (2.34)

2
\/tafl—zﬁ+tanzﬁ+lz+1

From equation 2.34 it is clear that power factor only depends on saliency ratio
C and current angle 5. If we consider saliency ratio as constant then we can find
maximum power factor by minimizing the denominator of equation 2.34 with

respect to f8.

Therefore we want to minimize C? cot? B+tan? . On differentiating and equating

to zero we get minima at

tanp = /C (2.35)

Equation 2.35 can be used to find the operating point to get maximum power

factor given that the saliency ratio remains constant.

On substituting equation 2.35 in 2.34 we get maximum power factor as

_ -1
pfmax—c_'_l
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2.3 Simulation Results and Inferences

In this section we will discuss about the simulation results for the control strategy
discussed in the previous sections. Parameters of the machine selected for this
study is given in Apendix 1. The simulation for the machine is performed on
MATLAB/Simulink. The simulation study is performed using a machine model in
Simulink, where we have used SPWM inverter (switching frequency of 10 kHz) to
excite the machine. We choose current loop bandwidth as 10ms and speed loop
badwidth as 1s. Since speed loop bandwidth is much higher than the current loop
bandwidth, the proportional and integral coefficients calculated using symmetrical

pole placement are similar to the values found using the equations derived earlier.
The control parameters were calculated based on the previous chapter.

e Speed Loop: using equations 2.16 to 2.18
- Bandwidth = 1s; k, = 10.33; k; = 0.206

e Current Loop: using equations 2.12 to 2.14
- d-axis: bandwidth = 10 ms; k, = 4.818; k; = 20

- g-axis: bandwidth = 10 ms; k, = 1.188; k; = 20

The machine is operated under following conditions:
1. Reference speed of 400 RPM is given at 0.5 seconds.

2. Load torque is changed to 10 Nm at 1.5 seconds
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2.3.1 Below Base Speed Operation

Figure 2.8 shows reference speed vs measured speed. The response observed is
that of first order and the choice of bandwidth for speed loop is justified as evident
from the graph.

400 [~

——Measured speed
350 - —Reference speed| |

Speed(rpm)

—_ —_ 353 3o} [
8 = S = S
T | | T T
L | | | |

W
(=}
I
|

oS
L

(=]

0.5 1 1.5 2 2.5
Time(s)

Figure 2.8: Reference speed vs Measured speed .

Figure shows developed torque vs load torque. At 0.5 seconds when the
speed reference changes from 0 to 400 rpm the torque produced is maximum and is
nearly equal to the rated value. This value of torque is maintained until the speed
of the rotor equals the reference speed. On closer inspection one can observe that
the developed torque is slightly more than load torque. This behaviour is expected
because of the presence of losses (. B # 0). Att = 1.5s, load torque is changed to
10Nm which causes a slight dip in speed and developed torque tracks load torque
while compensating for losses.
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Figure 2.9: Developed torque vs Load torque .

Figure[2.10| shows 3-phase inverter current waveforms. The current waveform
is shown for the part when load changes to 10Nm at 1.5s. We can observe that
current rises and touches a peak of 15A before settling down.

T

I I I I
— A-phase current
15 B-phase current

—C-Phase current P

Current(A)
(=}

| | | | | | | | | |
1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1
Time(s)

Figure 2.10: Inverter current waveforms .

2.3.2 Beyond Base Speed Operation

Using equation 2.31, if we want to operate our machine at constant power in

beyond base speed we get w, = 2.1511 as speed limit. For our 22kW SynRM
machine this translates to 3226.6 rpm.

Figure shows the variation of normalized torque with normalized speed
above rated speed for the machine given in Appendix 1. As expected the torque

25



reduces as speed increases. This happens as an inverse relation till we reach w,=

2.1511, beyond this constant power operation is not possible. However speeed

further increases while torque reduces till the generated torque is equal to the

losses.

torque vs speed in field weakening

09

o
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T
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~
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\\\ B
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normalised speed above rated
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Figure 2.11: Normalized torque vs Normalized speed above rated speed.

Figure[2.12]shows the scatter plot of normalized id vs iq in the field weakening

region for the machine given in Appendix 1. From the figure it is clear that i,

decreases and i, increases resulting in field weakening as speed is increased.
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id vs iq scatter plot
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Figure 2.12: Normalized id vs iq in field weakening region .
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2.3.3 Inferences

The results from the simulation of sensored vector control for the 22kW SynRM
were presented in this chapter. The results were found to be in agreement with
the theory discussed in chapter-2. The results for the field weakening region are
in accordance with the voltage limited region operation of the SynRM presented
in the previous chapter.

2.4 Conclusion

In this chapter we derived equations 2.5, 2.6 and 2.8 which models the SynRM
voltage and torque in d-q reference frame. This formulation was then used to
arrive at sensored vector control where using signal flow graph we decopuled
the d and g-axis machine equations. This in conjunction with MTPA facilitated
allowed us to compute PI compensators gain and bandwidth. In order to express
machine performance independant of ratings, we formulated normalised machine
equations. These normalized equations helped us to establish fundamentals of
field weakening operation in SynRMs. The model developed here is used for the

simulation of a 22kW SynRM whose parameters are given in Appendix 1.
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CHAPTER 3

SATURATION EFFECT & FINITE ELEMENT
ANALYSIS

We derived our operating points based on the equations developed in chapter 2.
However, we derived our conclusions based on the assumption that d and g-axis
inductances remain constant for a given machine. This is true if we look at our
machine at a particular instant in time. We can also say that these inductances
remain constant when the current excitation is low such that rotor saturation is
not present. For PMSM this assumption does not significantly affect the operat-
ing points. But due to highly anisotropic nature of SynRM rotor, the magnetic

saturation onsets at far lower values than the rated current.

This chapter tries to explain the effect of saturation, such that can we relate it to
the equations derived in chapter 2. Ansys MAXWELL is used to perform the Finite
Element Analysis(FEA) to understand the machine behaviour under saturation.
Also, there is a brief discussion on the simulation in the Ansys environment and
how it was utilised to get d and q axis inductances which vary with stator current

and current angle. Appendix 2 discusses briefly the procedure followed to perform
the FEA.

3.1 Effect of Saturation

We know that the torque produced by SynRM depends on d and g-axis inductances
as well as currents, as seen in the equation 2.8. Later in chapter 2, we derived the
operating points of the machine on the assumption that L; and L, remain constant.
This assumption is true only if the material’s permeability remains unchanged
throughout the operating region. Since inductance solely depends on the geometry
and material’s property, a non linear B-H curve will result in variable L; and L,.
Therefore, at different values of I; and f these inductances may change depending
on the material’s property. Also due to rotor geometry, we can not physically
separate the d and g-axis flux. This causes some of the flux flowing through the
d-axis to leak to the g-axis and vice versa. This effect causes a change in the
inductance values and is known as the cross-coupling effect in literature [16][17].



While considering all these effect we can re-write equation 2.8 as:

Isin2p
2

2
ma = 5L, B) = Lyl ) XY
where L;(I;, ) and L,(I,, B) are the d and g-axes inductance as functions of I;
and .

In order to validate above equation, we first need to formalize a way in which
we compute our Ly and L.

3.1.1 Estimation of L;and L,

We define L; and L, as the flux linkages per unit current along d and g-axis
respectively.

ie Ld = wd/id and Lq = gbq/l'q
There are numerous ways in literature where L; and L, are estimated[16][18].

In first method the d-axis of the rotor is aligned with a-phase winding’s mag-
netic axis, and then current excitation is given. The resulting flux linkage of a-phase
winding is ¢; and the a-phase current is i5. Similarly L, is found by aligning g-axis
with a-phase axis. This method gives the inductances values at a particular value
of I;. In this method the effect of § is not considered and only inductances are given

for saturated and unsaturated condition.

Another way is, for a given I;, the rotor is kept at a contant position (0). The
3-phase currents are found using transformation from rotor aligned d-q frame
to stator aligned abc frame of reference as shown in figure and using the

transformation given in equation 3.2.

d| | cos6 sin@|| 1 (3.2)
q "~ |-sin® cosO|| 0 '

N|$|N|>—l
| S—
A [ RN

g
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c

Figure 3.1: Rotor Reference frame(dq) at 0 w.r.t Stator reference frame(abc).

Since Ansys MAXWELL gives flux linkages in the stator reference frame we
will use equation 3.2 to find 1y and ¢, and then find L; and L, at every value of 8

for a given I;

3.1.2 Power Factor

Power factor of the machine can be estimated in several ways. The machine
parameter dependent method is described by the equation 2.34, however this
method may not give correct results since saliency ratio will change with saturation
which depends on both I; and 5. The other method uses power balance equation

given as:

2 o=
My = gRe{VS I}

This equation can be used however it requires knowledge of speed and supply
voltage. Since in ansys we give currents as inputs using it might lead to some errors
due to assumptions made while simplifying above equation. The most important

one being the effect of cross-coupling.

Therefore, direct use of the equation 2.33 will give us the power factor. This is
suitable since from ansys we can get ¢; and ¢, directly by trasformation from abc
to dq frame as discussed in the previous section. This makes sure that we don’t
need to worry about the cross-coupling in d and g-axis inductances. Thus, we

used the following equation to evaluate the power factor:

¥

]
PowerFactor = cos(tan_l(i—d) +tan}(=—))

q
g Y4
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3.1.3 Torque

Ansys gives us directly the torque developed by the motor. In order to analytically
estimate the developed torque we need to accurately determine the L; and L,.
If we use the method discussed in section 4.2.1, we will get inductance values.
However, FEA torque value and the value of torque we get if equation 3.1 is used
might differ. This difference is there because we didn’t consider the cross-coupling
effect in L; and L,. However, if we are able to get the shape of the torque curve
similar to the FEA torque curves, that would mean that we can define operating
points. As we see from the results this is the case and thus for defining MTPA
we can use the torque curves generated by the FEA and our estimation of power

factor curves would also be similar to what we get if cross-coupling is considered.

If we see the torque generated at various rotor positions for the same I; and g, we
should observe a torque ripple. This ripple is mainly due to winding distribution
and slots. Since the slots are periodic from the rotor frame of reference, we should

see a sinusoidal ripple in the torque.

3.2 FEA Simulation and Results

In FEA the region is divided into elements and then fields are numerically com-
puted using maxwell’s equations. For this study, the ANSYS Maxwell-2D software
package is used to perform FEA. In Ansys one can use voltages or currents for the
excitation of the windings. In our case, we used currents and performed our
simulation in the magnetostatic domain. From the FEA we were able to get the
torque generated and the flux linkages for the windings for a given I; and . The
flux linkages are obtained in abc reference frame which are then converted to dq
reference frame with the help of transformation equation 3.2. In the same way
using inverse transformation i,, i, and i, are calculated from the given values of I,
and . To reduce the computation time FEA was performed on 1/4 model of the

machine as discussed in Appendix 2.

In this section we will discuss the results obtained from the FEA of 22kW
SynRM, whose specifications are given in Appendix 1. The results obtained are
then used to define the optimum operating point which can be integrated in control

using look-up tables or curve fitting.

Figure 3.2|shows the magnetic field density in the machine under unsaturated
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and highly saturated condition. We can observe that the onset of saturation along
g-xis is much earlier than that of d-axis. Moreover, we can also see high saturation
along ribs, which explains the lower cross-coupling effect along g-axis at higher
currents.

Figure 3.2: Unsaturated (left) Saturated(right).

3.2.1 Inductance Estimation

Figure 3.3]shows the variation of d-axis inductance with  for different values of I,.
It can be observed that, with increase in current, saturation increases which results
in increased reluctance thus reduction of inductance. However it is also seen that
with increasing f the L; remains constant for unsaturated case but increases for
saturated rotor i.e higher currents. Another observation is that with increasing f3,
iy decreases which reduces the flux linkage along d-axis. Since we can not define
Ly at p = 90° we can look for the behaviour when  approaches 90°. Ideally, the
d-axis flux linkage should go to zero if § approaches 90° But this is not the case
as we can see that there is still a difference in the values of inductances, which is
a representation of flux linkage. This is observed because of the cross-coupling
effect.

T T T T T T
1250 25.00 37.50 50.00 62.50 75.00 87.50
beta [deg]

Figure 3.3: Variation of L; with § at different I.
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Similarly, figure 3.4 presents the L, depenedence on g for different values of L.
A similar argument can be made here, i.e. with increase in § the saturation along
g-axis increases thus reducing the inductance. We can also see that this effect is
prominant only in the lower values of current. Since the effective air-gap is very
large along g-axis we can not see any drastic effect of saturation on L, at higher

values of current.

Curve Info

T T T T T T T
0.00 1250 25.00 37.50 50.00 62.50 75.00 87.50
beta [deg]

Figure 3.4: Variation of L; with p at different ;.

Figure shows effect of f on the saliency ratio for increasing values of I.
Around § = 60° we can observe that saliency ratio is nearly same for higher values
of current. Also from the figure 3.1 we can see that power factor remains is same
for higher values of current at f = 60°. This further strengthen the argument about
the relation found in equation 2.33 and 2.34, even though cross coupling effect is
not considered.
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Figure 3.5: Saliency Ratio with f at different I;.
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3.2.2 Torque

Figure 3.6| shows the variation of torque with rotor positon 6. Here the current is
maintained at rated value and f is taken as . Here the coice of f is arbitrary, and
it was choosen based on MTPA condition derived in section 2.2.1. The choice of
p does not affect the torque ripple observed here. This ripple is due to slots and

winding arrangements.
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115.00 -
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Z 110.00 4
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95.00 -

90.00 T T T T T T T T
0.00 20.00 40.00 60.00 80.00 100.00 120.00 140.00 160.00 180.00
MechAngleTheta [deg]

Figure 3.6: Ripple in Torque due to rotor position.

There are two components of torque ripple low frequency and high frequency
[19]. Lower frequency torque ripple is due to winding distribution. And Higher
frequency torque ripple is due to slots in the stator. Since our machine is 48 pole
this gives us a slot pitch of 7.5°. On closer look one can confirm that the higher
frequency component has period of nearly 7.5° mechanical which translate to the

slot pitch of the stator.

This torque ripple will always be there and it would not effect the choice of
I; and B for MTPA operation. Figure [3.7] gives variation of torque with beta for
different values of stator current. Due to increase in saturation with higher I;, the
MTPA point is no longer at f = 45°. It shifts towards right for higher values of

current.
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Figure 3.7: Torque variation due to I; and .

One can explain this shift in MTPA based on the equation 3.1. From the
equation it is clear that torque depends on the difference of L; and L,. At higher
values of current g-axis inductance remains nearly constant since this axis is already
saturated owning to its higher air gap. Thus if we rotate current vector towards
g-axis the saturation in d-axis will reduce resulting in increase in L;. This together

with the product of i; and i, results in shifted maxima for torque curves.

Figure [3.8/and figure [3.9| gives the comparison between calculated torque and
FEA torque. From the figureitis clear that the FEA torque and the calculated torque
have similar shape. The difference is of a scaling factor which arises from the fact
that we did not consider the cross-coupling effect. Neglecting cross-coupling effect
in estimation of inductances gives us a reduced torque. However, from control
perspective it is a good estimate since we are getting higher torque for the same
value of [; and f as it is confirmed by the FEA torque.

Curve Info
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Figure 3.8: Calculated Torque vs FEA Torque when the rotor is unsaturated.
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Figure 3.9: Calculated Torque vs FEA Torque when the rotor is saturated.

3.2.3 Power Factor

Figure shows p.u torque with power factor at the rated condition. This curve
can be used to determine the § for which we have optimum torque and power
factor.

T T T T T T T T
0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00
beta [deg]

Figure 3.10: Torque(p.u) and Power Factor curves with § at rated I;.

Figure gives the variation of power factor with current angle. It can
be observed that the power factor also increases with f but increasing I; does
not improve power factor when machine saturates. One can conclude that the
machine performance is better under saturation. But this conclusion is valid with
some constraints. The first constraint being the limited DC-link voltage availabel
at inverter. And second is with increase in saturation losses also increases. But
when we overload the drive for example in an EV, we can achieve higher torque
value at better power factor for a short duration. Thus increasing the utilisation of
the inverter while increasing performance.
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Figure 3.11: Power factor variation with current angle.

Figure[3.12]shows the p.u voltage required and torque produced by the SynRM
at rated conditions. One can see that by operating the machine at higher value of
B we can achive more than the rated torque at rated current while our voltage just
hits it limit.
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Figure 3.12: Torque, Voltage(p.u) and power factor at rated operating point.

From the machine parameters listed in Appendix 1 we see that under rated
conditions the torque is 123Nm. However, from FEA we find that it is possible to
get 144Nm torque from the machine by changing the g from 45° to 65°. This is a
17% increase in rated torque. Based on these curves we can form a look-up table
and use these values to modify the MTPA control implemented in the controller.
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3.3 Conclusion

In this chapter effect of saturation was studied with the help of FEA. The torque
depends on rotor position, stator current and current angle. Rotor position con-
tributes to the ripple in torque whereas stator current and current angle are respon-
sible for the average torque produced. We also observed that the MTPA position is
shifted from 45° to some higher angle depending on the magnitude of I;. The data
obtained from the figure|3.7|can be used to get a look-up table based MTPA control
which is similar to the vector control shown in figure The only modification
that needs to be done is to remove 1/k; gain block and replace it with look-up table

which directly generates references for i; and i,.

We also found the variation of power factor with increasing saturation. This
information was then used to determine the excess torque that can be produced by
the given machine. The calculations performed based on the estimated inductances
also show similar trends to that of FEA results. These justify the method chosen for
inductance estimation and can be used to develop control for practical applications
since the shape of the curves will remain the same and the only difference would

be a small scaling factor representing the effect of cross-coupling.
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CHAPTER 4

HARDWARE ORGANISATION

A back to back converter with common DC-bus with schematic as shown in figure
was assembled in the lab. This converter can also be used to run a multiphase
motor or it can be used such that one converter acts as active front end and another

as inverter.

Sensor Input
GATE SIGNALS L’ ‘A GATE SIGNALS
Converter-1 S Converter-2
PD-Card
Altera-EPM1270T144C5N

CONTROLLER
Texas-| DSP-F28335

Figure 4.1: Schematic of back to back converter.

4.1 Brief overview of Major Components

41.1 IGBT Module SKM200GB12E4 & Gate Driver SKYPER-32-
PROR

The module SKM200GB12E4 has IGBTs in a half-bridge configuration and can have
switching frequencies of up to 20KHz. The collector current is 313A at ambient
temperature and its breakdown voltage is 1.2kV.

The IGBT gate driver SKYPER-32-PRO R can drive two IGBT’s in the half-
bridge configuration of our module. It provides automatic fault protection against
short circuit by interrupting gate signals to the module. It also generates a small
dead time if the input complementary signals don’t have one in order to avoid a

short circuit.



4.1.2 PD-Card

A Protection and Delay card (PD-Card) is mainly used for providing dead time
between complimentary gate signals and protection against faults. The gate signals
generated are directly given to the gate driver. This card has provision to sense
a total of 8 signals and generate fault signals accordingly. The upper and lower
references to trigger the fault signal is set with the help of potentiometers present
on the board which are then fed to op-amp LM139 present on board to generate the
fault signal. This card is programmed using Quartus. The FPGA is programmed
schematically to generate dead band and fault protection logic. This PD-Card is
based on Altera-MaxII-EPM1270T144C5N.

4.1.3 Controller-TMS320F28335

The controller uses a DSP TMS320F28335 by Texas Instruments. This is a 32-bit
processor based on modified Harward Architecture and includes IEEE 754 single-
precision FPU. TMS320F28335 has six ePWM modules and each has two output
channels ePWMxA and ePWMxB which can be used to generate complementary
gate signals. It also includes 12-bit 16-channel ADC module whose reference is
3V. This functionality provides sensing on the controller itself. However suitable
burden resistors must be selected to ensure proper sensing since our voltage and

current sensors give current as the output signal.

4.2 Hardware Setup

Below are the images of the assembled inverter and the SynRM that is being
manufactured. Suitable tests were performed to ensure that the inverter was
working properly.
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SynRM under test

Figure 4.3: SynRM .

4.3 Conclusion

This chapter briefly discussed some of the components used in the inverter. The
inverter was tested by running a simple v/f control for the induction motor under
unloaded condition.

Due to the unavailability of SynRM at the time of writing this thesis, the pro-
posed control scheme under saturated conditions could not be implemented on
hardware.
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CHAPTER 5

CONCLUSION

5.1 Summary of the Present Work

In order to formulate a good control scheme for the SynRM, a detailed under-
standing of the influence of machine parameters on the output must be known.
To fully understand the operating regions of the motor, a detailed mathematical
model was derived in chapter-2. This model was later used to derive the MTPA
based control and we also found an expression for the power factor. Later the
mathematical model was normalized, in order to get motor performance charac-
teristics depending only on the saliency ratio. Based on this normalized model
various operating regimes under field weakening were discussed. Particular focus
was given to the case when the machine operates at constant power beyond base
speed and an expression for the speed limit was found. In order to validate the
theory, a simulation of 22kW SynRM was done in MATLAB. Sensored vector con-
trol response was designed for first-order response while keeping non-idealities
in the motor. Later, field weakening was studied in conjunction with the constant
power operation of the machine, and its operating points were plotted for beyond
base speed operation. However, the discussion was restricted to the case where

machine was not saturated.

In chapter-3 the FEA was used for the SynRM. The FEA gave some unique
insight of the machine operation. It was observed that the effect of rotor saturation
was significant even at normal operation. First we found a suitable method to
estimate values of d and g-axis inductances, while neglecting the cross-coupling
effect, such that it is consistent with the theory given in chapter-2. Then based on
the observations and existing literature, the notion of inductances being a function
of current and current angle was put forth. This formulation was observed to
validate the torque equation given in chapter-2 but with some error. This error
is due to the cross-coupling effect and does not affect the formulation of control
scheme. Based on the torque obtained from FEA it was observed that MTPA point
was shifted to higher values of current angle. This saturation effect also changes the

power factor trajectory of the machine. However, it was observed that saturation



increases the torque output while improving the power factor at a given speed
when compared to conventional MTPA. This study helps us to understand the
impact of current space vector on the machine parameters. With the use of FEA
we can derive suitable operating points which extract more performance from the

same SynRM using conventional control strategies.

5.2 Future Scope of Work

Based on the FEA a better understanding of the machine is possible. Hardware
realisation of the control scheme can be done in future. There is a lot of scope
to implement the control points derived based on FEA in more advanced model
predictive control (MPC) [20]. One can also derive simpler models based on curve
fitting to implement control strategies. Also a better analytical model can be
developed while considering the cross-coupling effect. There can also be a better
definition for the rated parameters based on the machine model under saturated
conditions. The model may not be an analytical one but a good approximation
based on FEA can also serve the purpose of design optimization of the rotor. The
rotor design process can also get benefit from the direct relation that could be
found between optimum operating point and rotor geometry [21][22]. Finally, it is
possible to make use of Ansys Simplorer in conjunction with Simulink to develop

and test control algorithms virtually before deploying on hardware.
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APPENDIX A

Machine Parameters

Table A.1 shows the parameters for 22kW SynRM.

Table A.1: Machine Parameters.

Machine Parameter Values
Rated Power 22 kW
Phases 3
Connection Delta
Number of Poles 4
Rated Speed 1500 RPM
Rated Frequency 50 Hz
Max torque output 123 Nm
DC bus voltage 500 V
Resistance per Phase 020
d-axis inductance 48.18 mH
g-axis inductance 11.88 mH
J 0.5 kgm?

Table A.2 shows the coil winding details.

Table A.2: Winding Details.

Winding Parameter Values
Pitch 1-14, 2-13, 3-12, 4-11
Turns/coil 10
Type Double layer

Slot fill factor 41%
Parallel Path 2
Turns/slot 20
Turns/phase 80
Chorded by 2




APPENDIX B

FEA modelling in Ansys MAXWELL-2D

The software package used is Maxwell 2-D by Ansys. This appendix gives a brief
overview of modelling procedure followed to get results with better accuracy with

comparitively lesses computation time.

Figure [B.1|shows the model of the aboveSynRM in Maxwell-2D .

Figure B.1: Maxwell-2D model of 22kW SynRM .

In FEA the region is divided into elements and then fields are numeriaclly
computed using maxwell’s equations. For this study ANSYS Maxwell-2D soft-
ware package is used to perform FEA. Here we will briefly discuss the process
and considerations required to perform a fairly accurate FEA while reducing the

computation time.

The first step was to draw the machine and assign materials to the objects. The
cross section of the machine can be drawn in the Ansys environment itself or it can
be imported from other CAD softwares such as AutoCAD. In our case we used

Ansys to draw stator core and winding. The rotor was drawn on AutoCAD and



then imported to Ansys. The selected material for the rotor and stator was M36
grade steel. Figure [B.T|shows the simulated model.

Since in FEA the computation time depends on the number of elements in the
mesh generated, thus one has to compromise between the accuracy and time. In
our case the rotor geometry is complex and requires high density mesh near rotor
flux barrier, slots and air gap. Since our machine is 4-pole we can reduce our
model size based on the symmetry and properly defining boundary conditions
on the reduced model. Figure shows the quarter symmetry of machine and
the boundary conditions are applied along x and y axis such that the magnetic
potential along x- axis is same as that of y-axis but in opposite direction.

A Ll Ur‘/&lf[j ! ;
L

Figure B.3: Master-slave Boundary .

The mesh generated is shown in figureB.4,
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Figure B.4: Mesh used for the FEA .

In Ansys one can use voltages or currents for the excitation of the windings. In
our case we used currents and performed our simulation in magnetostatic domain.
From the FEA we were able to get the torque generated and the flux linkages for
the windings for a given I; and p.
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