Paper accepted for presentation at 2009 IEEE Bucharest Power Tech Conference, June 28th - July 2nd, Bucharest, Romania

1

A New Transformer Hysteresis Model in
MATLAB ™ Simulink

0. Ozgonenel H. Dirik

Abstract- This paper, which is an extended version of
Referenced paper[1], presents a new transformer model
displaying hysteresis using MATLAB™ Simulink environment.
The proposed model displays a complete scheme for the
simulation of three phase transformers. The new model is
mainly based on transmission line model (TLM) of power
system using lumped parameters. The developed model is
particularly suitable for the fault analysis and protective
relaying studies under harmonic conditions where the
transformer is driven into the nonlinear regime. 2
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I. INTRODUCTION

Power transformer is one of the most important elements of
power systems, since the continuity of transformer operation
has a vital importance in maintaining the reliability of power
supply.  Therefore various modeling schemes have been
developed for decades to provide a proper protective method
for the transformers. This paper presents a three phase
transformer model displaying hysteresis based on J-A
magnetization with a modified Langevin function.

The development and the validation of protective algorithms
for the transformers require the preliminary determination of
the transformer model. The model used is required to
simulate the power system normal and faulted conditions
and to estimate the behavior of the protection algorithm
under abnormal conditions. In particular, it must allow for
the simulation of internal and external fault conditions.
Most of the present electromagnetic transient programs are
able to accurately simulate some of the phenomena
occurring in the transformer like magnetizing inrush current,
excitation current and transformer saturation [2]. However,
the implementations of the present monitoring methods [3,4]
tend to cost too much to be applied to distribution
transformers. Besides, such an analysis usually requires
commercial software like FEMLAB, MAGNET, and
ANSOFT’s Maxwell etc. However, most of present
simulation programs are not able to properly simulate
hysteresis characteristic of the core material [5].
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In this paper, a complete model of three phase two winding
transformer is presented using MATLAB ™ Simulink
environment. The proposed model is based on TLM method
for simulating transformer which can consider nonlinear
hysteresis. The proposed modeling technique is suitable to
model the transformer related phenomenon such as
magnetizing inrush, internal faults, and loading conditions.
To validate the proposed technique, a small three phase two
winding laboratory type transformer (1KVA, 380/220 V,
star-star connected, 50 Hz) is modeled using TLM method
including J-A technique.

Il. THREE PHASE TWO WINDING TRANSFORMER
MODEL

The TLM method was first developed in early 1970s for
modeling two dimensional field problems. Since then it has
been extended to cover three dimensional problems and
circuit simulations. For circuit simulation, the TLM method
can be used to develop a discrete circuit model directly from
the system without setting up any integro-differential
equations. The TLM algorithm is discrete in nature and
ideally suited for implementation on computer based
systems [6].

The hysteresis specs of the transformer are based on J-A
technique in TLM simulations. The J-A describes the
relationship between magnetic moment M and magnetic
field intensity H using the current physical theories of
magnetic domains in ferromagnetic materials [7]. The J-A
model requires the following input parameters:
magnetization saturation, thermal energy parameter, domain
flexing constant, domain anisotropy constant, inter-domain
coupling parameter. These are not the parameters that
transformer manufacturers or manufacturers of transformer
magnetic material can provide for the users. In fact they can
also not even be determined directly through measurements.
The various core hysteresis parameters required in this
model are theorical and can be calculated from experimental
measurements of coercivity, remanence, saturation flux
density, initial anhsyteretic susceptibility, initial normal
susceptibility, and the maximum differential susceptibility
[8]. More details about the J-A technique can also be found
in [9, 10].

Conversions between B-H loop and an M-H loop is
straightforward and is calculated using Eq. (1).

B=po(H+M) 1)
The magnetization relationship between B and H is replaced
by an hsyteretic magnetization curve between H_and M as
follows:



Man = Ms-f(He)
where, H,=H+oM, and «is a parameter which
represents interdomain coupling, M¢is the saturation

magnetization. A three phase two winding transformer is
modeled by the proposed technique. Fig.1 shows the
transformer core type under modeling consideration.
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Figure 1. A three phase two winding star / star connected transformer

In Fig. 1, N, and N, represent number of turns of primary

and secondary windings, respectively. Through the paper
small letter subscripts represent the primary side parameters,
while capital letter subscripts represent secondary side ones.
Linear transformer model is shown in Fig. 2.
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Figure 2. Linear modeling of the three phase two winding transformer

The main modeling equations such as V., ., Vagc
(primary and secondary voltages), and
M ,_,_c (Magnetization intensities of the phases) are defined
in Eqg. (3), respectively.

V, = Ldl, /dt+L,dl, /dt+N,Ldl,,/dt

V,, = Lypdl, /dt+ Lygdl g /dt+ N,y L dl , /dt

V, =L dl, /dt+Ldle /dt+ N Ldl . /dt

V= Laadl, /dt+ Lo,dl, /dt+ N, Lodl /dt (3)
Vg = Lggdlg /dt+ Lygdl, /dt+NgL,dl ., /dt

Ve = Leedle /dt+ Loedl, /dt+ N L dl . /dt

Where, Ly, = (gNZA) /1, Lag = (oNZA)/T,
L =(oA)/1, Moy o =lnape/l. A is the cross-

sectional area in m? and | is the length of the magnetic path
inm.

These are initially calculated as simulation starts. The
characteristic impedances of the primary and secondary
sides are then calculated as follows:

Z,,=2L,,/dt=2, =2,

Zpap=2Lppldt =Zpgg =Z¢¢
(since N, =N, =N,)
Similarly, the characteristic impedances of the magnetizing
branches are calculated using following equations.

(4)

Lan = (/uONaNAA)/I

Zan =2L,a/dt
where, Z,p =25 =Z .
Leakage inductances and related characteristic impedances
are calculated using Eg. (6).

()

Z,.s = 2L, /dt
ZLAS = 2LAS /dt
where, Z a5 =Zps = Zies@nd Zy a5 =Zyps =Zcs -

(6)

Z s and Z| g are the leakage characteristic impedances of

the primary and secondary sides respectively. For a lossless
linear transformer, the mutual TLM voltages are defined in
Eg. (7) and Eq. (8) as follows.

Vopa =Zoal g +2V1
Vig =Zpglg + 2VbiB (7
Ve =Zeclc + V¢
Vaa =Zpala +2VAa
Vap = Zpplp + ZVéb 8
Vee =Zeele + 2\/Cllc
whereZ, , =2L,, /dt,Z,5 =215 /dt,Z =2L. /dt, and
dt is the sampling interval.

After these calculations steps, the primary and secondary
currentsl, , .and 1, g o are calculated by using Eq. (9)
and Eq. (10).

Zaala+Zapl g =Va —2(Va5 + Vi)
Zily +Zyg g =V —2(Vys + Vi) 9)
Zoelo +Zoclc =V —2(V +Vc)
Zaala +Zpal n =2V s +Van)
Zugly +Zggls =—2(Vy +Vag)

Zecle+Zcclc = _2(\/Cilc +Vcic)
where Z,, =2L,/dt and the
impedances are calculated in this way.

(10)

other characteristic



In Eq. (9), V,_,_is the source voltage of the a-b-c phases.

The calculations are repeated till the end of simulation time.
Fig. 3 shows a three phase two winding transformer model

displaying hysteresis.
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Figure 3. A three phase — two winding transformer model displaying

hysteresis.

The required calculations for hysteresis model of a three
phase transformer are a bit complicated then the linear
model. To have a complete model, source and load
impedances are added to the simulation. To simplify the
whole procedure, the equations for only one phase are given

below:
Step 1. Vak is the k. sampled source voltage.

Step 2. Phase - neutral voltage is calculated as

VE =vE 4R, 15, R, is the source resistance.

Step 3. J-A calculations are started from this step. Total

ampere turns is calculated as 11, = N 1X + N 1.

Step 4. Calculation of exciting current as
Ié(a = Irl?a +a|rl1(1a

Step 5. Updating the total ampere turns of the phases as
dips® = Iy —(Na I3 + NI A

Step 6. Directional flag is defined according the d>r‘§a as
If dIf, <O0then A% =—lelse A% =1

Step 7. In order to refrain numerical instability, the
following condition is defined in TLM calculations for

anhsyteretic current.
If [1X,|>0.0001l, then

ea

s
| fha = | 5o (coth—22 ——2°) ang

ac ea
(dlana)k _ Isc _ 1 +(|ac 2
: k 2 k
dlha Iac Sm(lea“ac) Iea
Else
k Isclé(a dlana k Isc
fana =3 and G 7 =3,
ac ha ac

Step 8. Irreversible current is defined as
_ ana irra
dlirra_dlhaAkl _ |k —|k
a'cc Ol( ana irra

Step 9. A migration flag is defined for each phase as

k k k k k k
If A >0and 1, > lj,0rA; <Oand 1, < lj,then

migk =1
Else
migk =0

Step 10. Updating the irreversible current as
I k+1 k k

ira — miggdlirra + Iirra

Step 11.

If migX =1and dIf, =0then

dl .k Al ok di

(M) = B, (22)" +mig, (L- B ) (2
diy, iy, a ik
Else

dl K dl K

(1) = B (202

dlp, iy,

Step 12. Magnetization current is defined as

k+1 k+1 k
Ima = (1_ﬂc)|irra +ﬂc|ana

Step 13. The following procedure is required for calculation

of phase current.
UZ =V —(S5a —Sia +NaSpa)

UK =—(SAa +Sha + NaSa)

Voltage components are written as column vector in the

following equation.

_Ig(Ra +Zaa +ZLaS)+ IKZaA"' Nalrl;;lzma _U.'E

Jacobean matrices is defined as

|/l-(\(RA+ZAA+ZLas +Zp)+ |§ZaA+ Nalrﬁlzma _U/lf\




Ra+zLaS(1+(O”ma)k 00 zaA(O”ma)k 00
dl, dl,

. 0 0 . 0

J= 0 0 . 0 0 .
- dlma k dlma k

Z (=) 0 0 RyA+Z s+ Zpa+Zpa(="28)" 0 O
dl, dlp,

0 . 0 0 . 0

0 . 0 0 .

Newton Raphson iteration method is applied to calculate the
next sample of phase currents.

_|k+1_ _Ik_
a a
.- | -1
A A

Step 14. Updating the magnetization current is defined as
fma = I:;(Jrl(Ra +Zaa) + IKJrlzaA + Nal rl::erllzma _UE
Irl;a _A
Nazma

Step 15. Calculation of the simulation outcomes

Ik+1_
ma

k k-1
v, =dtYa Va_
B = (N1 N 1)
Hk = (Nalgﬂ"'NaI;H)

a
|

These equations are executed in Matlab ™ Simulink
environment. The simulation parameters and rated value of
the modeled transformer can easily be changed. Fig. 4
shows the Simulink application of the proposed method. The
left side of the Fig. 4 represents the primary side where it is
connected to the source and the right side represents the
secondary side where it is connected directly to the load
(ZA,ZB,ZC ). The user can easily change the required

parameters by double clicking the each block. The main
TLM transformer block is suitable to implement different
type of three phase connections on both sides. The
‘powergui’ option in the proposed model is used for
waveform analysis.

Primary voltages

Ts= 1e-005s.
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Figure 4. Matlab ™ Simulink application of the proposed modeling technique

Fig. 5 shows the inside of the TLM model. Basically, it consists of voltage measurement unit, J-A implementation unit, and
Jacobean matrice calculation module (subsystem4) for each phase. Fig. 6 shows the inside of the J-A block for phase a. This
unit includes the calculation procedures Step 3 to Step 12 summarized above. The units named J-Al and J-A2 are used for
phase b and phase c, respectively.
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Figure 6. Inside of the J-A block for phase a

IV. SIMULATION RESULTS

described in Section Il. The transformer was loaded with a

To demonstrate the modeling procedure, a small 1000VA, 1 star connected impedance type burden to simulate normal
Tesla, 380/220V, N;=565, N,=255 a three phase two and faulted conditions. As seen in Fig. 4 in Matlab ™
winding transformer was modeled using the TLM method Simulink environment the user defines the following



parameters: source frequency, magnetic path length (m),
core area (m?), number of turns for primary, number of turns
for secondary, saturation magnetization (m™), anhsyteretic
form factor (m™), interdomain coupling coefficient, coercive
field magnitude (m™), magnetization weighting factor,
permeability of free-space, leakage inductance of primary
winding, leakage inductance of secondary winding, source
resistors, load impedances and load factor.

Fig. 7 shows primary phase currents obtained using the TLM
with J-A model.

~
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Figure 7. Simulated phase currents (ia, ip, ic)

In this particular example, the three phase source voltage is
defined as Ve Sin(wt+g¢)(1-e?"), where ¢=0,
¢=2r13,and ¢ =-27/3.

The following Fig.8 shows the B-H curve of phase a.
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Figure 8. Simulated B-H curve of the transformer

B in Tesla
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To simulate the over-excitation condition, an exponential dc
supply (0.1622pu*exp ") is added to the source of phase

a. Fig. 8 shows the B-H curve of the phase a with a dc
offset.
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Figure 8. Simulated B-H curve of the transformer for a supply with a dc
pulse

V. CONCLUSION

This paper introduces a time domain model of a three phase
two winding transformer with nonlinear and hysteretic
behavior. It is a complete three phase transformer model in
Matlab ™ Simulink environment. The user can easily
change the parameters by double clicking the “TLM Model
of 3 Phase Transformer Model” block. The hysteretic model
using modified Langevin function is based on J-A model of
ferromagnetic hysteresis. The simulation results produce an
acceptable transformer transient response and shows that the
proposed overall technique is ideal for simulating three
phase transformers.

The proposed modeling technique displaying hysteresis is
suitable for most type of three phase two windings
transformers. Apart from that, the suggested modeling
technique is able to simulate the transformers during single
or multiple internal faults.

APPENDIX A
Data for 380/220V, 1KVA test transformer

Im =24.10"3m , magnetic path length,
a=45.4.10"m?, core area,

Na =550, primary turns

N, =265, secondary turns,

M, = 275.10°m™, saturation magnetization,
H, =14100 m™, anhysteretic form factor,

a =5107°, interdomain coupling coefficient,
H, =17800 m™, coercive field magnitude,
. =0.55, magnetization weighting factor,
Ra: Ry, R, =10€, source resistances,

o = 47107 Hm™, permeability of the free space.
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