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A Study of General AC Machine Modeling with Matrix
Vector Using DQ Transformation
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Abstract

AC machines are in wide use in industry and d—-q transformation from 3 phase of a, b, ¢ is

commonly used to analyze these kinds of machines. The equivalent circuits of d and q axis are,

however, generally cross coupled and difficult to analyze. In this study, a modeling technique of AC

machine including induction and PM synchronous motors using matrix vector is proposed. With that

model, it can not only explain the AC machines physically but also make it simple to analyze them.

The separating process of d and g components is not needed in this model and this model can be
applied to analyze asymmetric motors like IPMSM machine. With this technique, the model becomes
simple, easy to understand physically, and yields results that are the same as those from other models.

These simulation results of the proposed model for induction motor are compared with those of other

models to verify the method proposed.
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1. Introduction

AC machines including induction machines and
synchronous machines are in wide used in industrial
fields. The d—qtransformation is commonly used to
easily analyze machine features [1-5]. However, the
equivalent circuits of the d and q axis are generally
cross coupled, making it difficult to calculate the
features. A model using complex vector [5] does not

* Main author : Department of Digital Control Eng.,
Hoseo University, Korea
Tel : +82-41-540-5674, Fax : +82-41-540-5587
E-mail : skhong@hoseo.edu
Date of submit : 2013. 6.13.
First assessment : 2013. 6. 6.
Completion of assessment : 2013. 7.24.

D

have a cross coupled form and looks simple for
understanding the flow, but it is difficult to apply
this model to asymmetric machines like IPMSM. In
this study, a modeling technique of AC machine
including induction and PMSM using matrix vector
1s proposed and can explain the AC machine
physically. This model does not need a separating
process for d and q components. With this method,
the model becomes simple and easy to understand
physically, and can yield results the same as those
from the other models. These simulation results of
the proposed model are compared with those of
other models to verify the proposed method.
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2. Conventional Induction Motor
(IM) Model

2.1 IM model using ¥ = @4 at
arbitrary reference frame

The d-q voltage equations of stator and rotor
from 3 phases become (1), (2) [4]. (3), (4) shows the

magnetic flux linkage and torque equations.
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Where, p is the differential operator, P 1is
number of poles, @ is the speed of frame and @
is the speed of rotor, 4 is flux linkage, Lis, Lir are
leakage inductance, Temis developed motor torque

and means the transferred value to stator side.
From these equations, Ong [4] adopted the flux
linkage per sec ¥ = @34 in which dimension is
voltage for convenience. From this idea, (1)~(4)
transformed to (5)~(8) [4] and the flux linkage
equation (3) is changed to flux linkage per second
equation (7).

Y - MOEHRI =N H27E N8R, 2013 8

Sun-Ki Hong
n w :
Yoge = ﬁ;_btuf"qs +i-'_r;- Wae T 1 ig
P & :
Ve _w_btlf"'ds +;¢q‘3 +elg: 5)

-L._.’ —i#" +(ﬂ]¢r _l_.;,,.’:’
qr wy, qr B dz T bar

)

O Wiy il
Vdr'_w_atu'!‘dr‘l'( o )qu + i ©®)
Yas xx +x, O Xm 0 lgs

lpds — 0 Xy + Xy 0 Xm lds

War Xm0 X Hxm 0 ||ig @
W 0 Xm 0 xp +xmllil,

—BERAER s ot

Tom = 2 2up {Tu'!‘ds Pgr — Woe Ige ) (8)

Fig. 1 shows the block diagram of IM with Matlab
Simulink. The d-q voltage equations are
transformed from 3 phase voltage equations and the

differential terms for ¥ in (5), (6) are used to make
IM block. Fig. 2 shows the g-axis block in Fig. 1

[1]. Fig. 1 appears simple however, ¥ is used to
erase the variable 'sd and the block requires the

complex equation block of Fig. 2. In addition, ¥ does
not appear to have clear physical meaning.
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Fig. 1. IM model using ¥ = @ws4 for arbitrary
reference frame
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Fig. 2. Q-axis calculation block in Fig. 1

In the figure, 1/s means integral symbol, uli] is
1—th input.

2.2 Induction motor model using flux
linkage 4

As mentioned in 2.1, ¥ model needs somewhat
complex mathematical equations and has physical
ambiguities in the model block. In this section, the

flux linkage # itself is not modified but used directly
to derive the integration form equations as (9) - (12)
for physical meaning.
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Fig. 3 shows the block diagram made with (9)
-(12) using Simulink, where s =L+ Ly
L, = Liy + Ly This model is derived using 4, which,
despite seeming slightly more complex, has physical
meaning. In fact, it does not have sub-blocks,
making it simpler than the previous model of using
Y= wpd,
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Fig. 3. IM model using flux linkage 4 for arbitrary
ref. frame

2.3 Induction motor model using
complex vector

Complex vector has areal and imaginary axis. In
IM or AC machine modeling, g-axis is the real and
d-axis is the imaginary axis. This kind of modeling
1s simpler than the common d-q transformation
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method because it does not need to separate the d
and q components and there are no couplings
between the d and q equivalent circuit or differential
equations. With the Simulink tool, it is easy to
realize to a complex vector model and the complex
calculation is possible in the model block. For
example, the voltage of d—q can be expressed as

Vgz = ¥; TJ%4 where the character in bold means
complex vector. The following equations (13) and
(14) show the voltage and flux linkage equations of
the complex vector form in stator and rotor [5].

; d .
Vg = Talgg + E}‘qd +_,rm.lq.d
P d .
Vogr = Tlg: + E“‘qd +.Jf'5'“1q'r.' (13)

Aqd = Lsiq‘d + I'."r.ir;dr'

J‘lr,'dr = I'r'ir;dr + Lmiqd (14)

Through this approach, the current complex
vector a2 and magnetic flux linkage complex vector
A 2dr become the variables to solve therefore fa¢ and

Agzér need to be erased. With (14), the following
equation of (15) is derived.

jqd = ﬂlsiqd +f‘3—qdr 15)
g=1- "”
Lily

Where = is defined as (15) for simplicity. (15) is
substituted for (13) and the following differential
equations are derived.

d
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Fig. 4. IM model using complex vector for
arbitrary ref. frame
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Fig. 5. IM model using scalar for arbitrary ref.
frame

Fig. 4 shows the IM model derived from (16) and
(17). As canbe seen in Fig. 4, this model does not

need extra parameters as in ¥ and does not appear

@



A Study of General AC Machine Modeling with Matrix Vector Using DQ Transformation

as complex as the flux linkage model in Fig. 3. Each
icon has a physical meaning and is easily realized as
the model in Fig. 4 In the figure, the integral
symbol is a sub block that has two integral
processes of each q and d axis equation. After the
integrations, they are combined again to make
complex vector.

Fig. 5 shows the IM model with separated
differential equations from (16) and (17) [5]. The
separated equations would be similar with (9)~(11)
and the d and q components are cross—coupled, as
can be seen in Fig. 5, which makes it difficult to
understand the flow, debug problems if any or
analyze operations.

With these results, the IM modeling, with complex
vector and d-q transformation, has a simple
structure, 1s easy to debug and facilitates analysis of
IM characteristics.

3. Proposed Matrix Vector Model
for AC Machine

The previous complex vector model of IM is very
useful to analyze induction machine. Similarly, d—q
vector components can be expressed in the matrix
form of (18).

fa :E:Z]:ﬁ‘fﬁ (18

The complex number operator is replaced with
bold j where j is not just an imaginary symbol but
has the matrix vector form of (19). (19) represents
a 90° rotation matrix whose function is the same
as the complex number ] in the complex vector
model.

ﬁ:[_ﬂi é] (19)

3.1 Induction motor model of matrix
vector

The basic voltage equations are almost the same
with (13) and (14) except j is replaced with j. In
addition, every component must be expressed in
matrix form. For example, the self inductance and is
expressed as (20) and (21).

L, 0
q

1-3:[ 0 Ld] (20)

o=1—-IL-VE L -V 1)

The result form of the induction motor with
matrix vector does not differ greatly from Fig. 4.

3.2 Asymmetric PMSM model of
matrix vector

Permanent magnets and magnetic asymmetry are
the differences between IM and asymmetric PMSM.
The asymmetric component in asymmetric PMSM
cannot be expressed with complex vector model.
However, the asymmetric component can be
expressed via a matrix model as in (22).

I.q. qu]

LS:[I'dq Ly (22)

The asymmetric machine, like the interior type
permanent magnet synchronous machine, can be
analyzed with complex vector form.

Eq. (23)~(26) shows the AC machines stator,
rotor, and field equations where bold characters
refer not to a complex but to a matrix form where

Jpm is the flux linkage of PM in the rotor and ifr
1s the rotor field current.
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In those equations, ig2 is the only measurable
state variable and “4dr is preferred as the stator
variable because g2 s coupled with fo

magnetically. From (24) and (26), faér can be
elimnated and the rotor state equation can be
derived as (27).
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The flux linkage can be expressed as (28) where
I"s o LE.E +La~. and Lr P Lir+Lm.
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Aq‘dr = I"r iq‘dr + er. l::ir,'d + i,r'r }+‘i‘_ﬂi‘1’.
Using (24), (26) and (28), the voltage equation is

derived. From the voltage equation, the stator state
equation becomes (29).
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The difference between the IM model and IPMSM
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1s thatIPMSM has permanent magnet. With these
equations, the generalized AC machine model for an
arbitrary reference frame can be induced. Finally
(27) and (29) show the state differential equations. If
an IM model is needed, the input current and flux
linkage for IPMSM become 0 and the results would
be same as those of previous models.

Fig. 6 shows the AC machine model block
diagram made from (27) and (29). (4) is used for
torque. It does not have cross coupling, has a simple
structure and is well explained physically.

(c¢) current waveform of phase a

Fig. 7. IM waveform using matrix vector for
stationary ref. frame

4. Simulation and Comparison

A simulation is performed for IM to compare the
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results with the other models. The applied voltage
was 220V, 60Hz. The specification of sample IM
was that 4 poles, stator and rotor resistance are
04352, 0816%, leakage and magnetization
inductance are 2mH, 69.3mH each and moment of
mertia 1s 0.089. Fig. 7 shows the results of the IM

for a matrix vector model and Ong’s ¥ model.
Because the sample is an IV, the field current and
the flux linkage from PM become O.

Fig. 7 (a) shows the speed response when the
speed command is 1,800rpm. Fig. 7 (b) and 7 (c)
show the torque response and phase acurrent
waveform of an induction motor and the results are
very similar to the results of other models [3]
because the sample specification is the same. The
block diagram shown in Fig. 6 has a simple
structure and can be applied not only to IIM but also
to PMSM.

5. Conclusions

An AC machine model using a matrix vector with
a d-qgtransformation has been developed. It is a
simple structure and useful for analyzing AC
machines, being easy to apply to asymmetric
machine of SM. The developed model can be used
for both a synchronous and stationary reference
frame because it 1s developed for an arbitrary frame.
Future work to combine this model with the current
controller model is desired and currently under way.
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