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Simulation of Magnetic Component Models in
Electric Circuits Including Dynamic Thermal Effects

Peter R. WilsonStudent Member, IEEB. Neil Ross, and Andrew D. BrowSenior Member, IEEE

Abstract—t is essential in the simulation of power electronics refine the behavior of the circuit design as shown by Chwirka
applications to model magnetic components accurately. In addi- [1] and Wilson [2], [3].

tion to modeling the nonlinear hysteresis behavior, eddy currents . . .
and winding losses must be included to provide a realistic model. Much effort has been applied to the detailed modeling of

In practice the losses in magnetic components give rise to signif- iNdividual components in the design, especially switching
icant temperature increases which can lead to major changes in power devices such as IGBTs, power MOSFETS, and diodes
the component behavior. In this paper a model of magnetic compo- [4]-[8]. Models for magnetic materials for use in power circuit
nents is presented which integrates a nonlinear model of hysteresis, sjmulation have included the Jiles—Atherton model [9]-[11]

electro-mag_netl_c W_lndlng_s and thermal behawc_)r in a single model (implemented in many SPICE simulators and Saber), the
for use in circuit simulation of power electronics systems. Mea-

surements and simulations are presented which demonstrate the Chan—Viadirimescu model [12] (implemented fSpice),
accuracy of the approach for the electrical, magnetic and thermal the Preisach model [13], [14] (implemented in Saber) and the
domains across a variety of operating conditions, including static Hodgdon model [15]-[17] (also implemented in Saber). The

thermal conditions and dynamic self heating. integration of the magnetic material models into a magnetic
Index Terms—Dbynamic thermal effects, electromagnetic devices, component model for use in a circuit simulator has been based
Jiles—Atherton, modeling, simulation. on equivalent circuit techniques using the duality concept.
Duality and the theoretical development of equivalent circuit
NOMENCLATURE models have been described by Cherry [18], Laithwaite [19]
, and Carpenter [20]. The techniques have been applied in
Ry Thermal resistance. practical examples by Zhu, Hui and Ramsden [21], [22] and
Pra Power loss. Brown, Ross, Nichols, and Penny [23].
Crh Thermal capacitance.

: A similar approach has been used to model the relationship
B F!UX density. between power switching devices and thermal components,
H Field strength. such as heatsinks, as shown by Hefner [4] and Hefner and
Tsurrace  Surface temperature. Blackburn [5]. Hsu and Vu-Quoc [36], [37] have developed the

Lo Ambient temperature. use of finite element analysis to characterize detailed models
¢ Flux. for dynamic electro-thermal simulation. The effect of tempera-

o Current. ture on magnetic component behavior has been examined using
v Voltage. . . finite element analysis techniques, such as Jesse [24]. The
Np Number of primary wmdllng_turns. development of magnetic material models that are thermally
Ns N.umber of secondary winding turns. dependent has also been undertaken by Hsu and Ngo [25] and
r Time. . . Tenant, Rousseau, and Segadi [26]., but these don't take self
R Curr_ent monitor resistance. heating into account. Maxim , Andreu, and Boucher [27]-[29]
CHL Osc!lloscope channel 1. have implemented a lookup table hysteresis model in SPICE,
CH2 Oscilloscope channel 2

with thermal behavior, but the power losses are calculated
analytically and effectively restricted to fixed waveform shapes.
In this paper the energy aspects of the Jiles—Atherton model of
ITH the advent of higher switching frequencies antiysteresis are considered to produce the correct dynamic power
power densities in power electronic circuits, it idoss for arbitrary applied waveforms. Winding losses and eddy
becoming ever more important to ensure that the magnetigrrent losses are also included to ensure the correct overall
components in the design operate within their specified thermapbwer loss. The resulting power loss is used as the stimulus to
magnetic and electrical safe operating regions and performaackimped element thermal model including core conduction,
limits. It is also becoming standard design practice to use circtliermal capacitance, and convection to the air. The parameters
simulation software, such as SPICE or SABER, to analyze anfithe Jiles-Atherton model have been characterized over a
wide temperature range (2T to 154°C) and implemented in
Manuscript received December 4, 2000; revised October 16, 2001. Rectyﬂ—e model to vary with respect to the component temperature.
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mmyf.. .SUBCKT CORE 1 2
o 4 & + PARAMS: UR=1000 AREA=10e-6 LEN=10¢-3
7, g% Core s Rl 1 2 {LEN/(12.8¢-7*UR*AREA)}
; é El B 0 VALUE={(V(1,2)/LEN)/(LEN/(12.8¢-7*UR*AREA))}
——— E2 H 0  VALUE={V(1,2)/LEN}
o S . 4b. E3 MMF 0  VALUE={V(12)}
Py g:) *j mmf, =ng*i s
vp=rp— = minf, =n, *i, s =M s 7 E4 FLUX 0 VALUE={V(B)*AREA}
A\ ENDS
Fig. 3. Pspice linear core model listing.
Electrical = Magnetic = Electrical
Fig. 1. Mixed domain transformer model.
H Jiles-Atherton B
- Non-Linear —

SUBCKT winding 1 2 3 4 Core Model
+ PARAMS: N=1 RD=100MEG RW=1M
RP | 8 {RW}
vios 2 0 Modified Model Power
V26 4 0 Parameters
El 8 5 VALUE={N*V(7)}
E2 3 6 VALUE={N*I(V1)}
R2 3 6 {RD} ;);:321“ Parameter | 1C°C) | Thermal
F1 7 0 vz o1 Parameters | FUmctions Network
Rt 7 0 {RD} aramete
L1 7 0 1
E3  MMF 0 VALUE={V(3.9)} Fig. 4. Modification to the Jiles—Atherton model to include temperature
E5  FLUX0 VALUE={I(V2)} dependence.
.ENDS

Fig. 2. Pspice winding model listing. B. Proposed Model Structure

It is proposed to extend the nonlinear core model by modi-
used to create a model of a transformer for use in circuit simlyind the model parameters dynamically depending on the tem-

lation. Test cases were constructed and measured results cBffature of the magnetic material. The outline of the approach
pared with simulations. is given in Fig. 4. Hsu and Ngo [25] and Tenant, Rousseau, and

Segadi [26] have shown how to modify the model parameters
depending on the material temperature, but the temperature has
been specified as a static variable. In this model, the temper-
ature is calculated dynamically from a thermal network repre-
A. Basic Magnetic Component Modeling Techniques senting the thermal behavior of the magnetic core. The input

Modeling magnetic components for use in circuit simula?OWer to the thermal network is calculated dynamically from
tion can take several forms. The first approach, which is gefft nonlinear core model. It must also be noted that the power
erally used models each magnetic component as an ideal, linf@§® due to the hysteresis in the core is not the only loss to be
model, using inductors with coupling coefficients to represefRPnsidered, but that eddy current loss and winding losses need
common flux paths. This can be extended to include nonline##0 be taken into account. For the moment, the eddy current
couplings to represent nonlinear core materials. This meth®@d winding losses will be ignored to keep the initial model
does not easily allow detailed modeling of the magnetic corfit"ucture simple, but will be discussed later in this paper. Using
ponent behavior. Another approach is to model each winding 84 @pproach allows the use of arbitrary waveshapes to be ap-
an interface between the electrical and magnetic domains, &§d t0 the model and an accurate power loss estimated regard-
define core models for the core material directly in termmoff  1€SS Of the waveform. This contrasts with analytical methods
andflux. This method allows the structural modeling of magPf Power loss calculation as described by Maxim, Andreu, and
netic components using lumped models. To illustrate this poiftUcher [27]-[29] for sinusoidal waveforms, which are there-
Fig. 1 shows a transformer modeled using two windings and@/€ restricted in applicability.
core model.

Using this mixed-domain approach is helpful in several Wayg.'
Itis useful to represent the magnetic circuit with a number of el- 1) Choice of Core Model:The choice of an appropriate
ements representing nonlinear core sections (perhaps with difagnetic material model for use in circuit simulation comes
ferent dimensions) and linear paths for air gaps or leakage flwown to a variety of factors including ease of implementation,
An accurate model of the magnetic component can then be caneuracy, speed of simulation and good convergence. The
structed using these ‘building blocks.” The inclusion of mordiles—Atherton model [9]-[11] has been extremely widely used
advanced effects in the model, such as eddy currents or windasg it generally satisfies these requirements. There are cases
losses, can easily be included using extra elements in the modéiere an alternative approach may be required, and these
The SPICE listings of a winding and linear core model are givenclude the Chan—Vladirimescu model [12] and the Hodgdon
in Figs. 2 and 3, respectively. model [15]-[17]. The Hodgdon model would be especially

Il. PROPOSEDMAGNETIC COMPONENT MODEL INCLUDING
DYNAMIC THERMAL BEHAVIOUR

Non-Linear Core Material Model
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Total + M .SUBCKT COREJA 1 2 PARAMS: AREA=10E-6 LEN=10E-3
Magnetization + MS=680K A=0.22 K=4 C=0.10 ALPHA=0.U RS=1M
4 — |

* CONVERT MMF TO HE
(Stored EnergY) r E13 ) VALUE={V(1,2)/LEN+ALPHA*MS*V(12)}
& Reversible R13 0 IMEG

* ANHYSTERETIC MAGNETIZATION
E24 VALUE={IF(ABS(V(3))>1E-3, 1/ TANH(V(3)/A)-A/V(3),0.333*V(3)/A)}
R24 IMEG

Irreversible

Magnetization
(Lost Energy) 7

Magnetization

oo

* IDH/DT
H g E35 0 1 2 1
applied H C15 6 M (IC=0)
RD6 7 {RS}
V17 0 ov
* DELTA*K
E48 0 VALUE={K*SGN(I(V1))}
R38 9 1K
c29 0 1PF
* INTEGRATE MAGNETIZATION
E510 0 VALUE={V(4,12)/(V(9)-ALPHA*MS*V(4,12)+ IM)/LEN}
Fig. 5. Jiles and Atherton reversible and irreversible magnetization. D110 11 DMOD
R4 11 0 1K

E6 12
R512

useful in frequency dependent applications. The other wide B713

VALUE={SDT(1000*I(V1y* V(11)/(1+C))+C*V(4)/(1+C)}
1K
VALUE={AREA*1.258E-6*(MS*(V(12)+V(1,2)/LEN)}
IMEG

(= e ]

used method is the Preisach model [13], [14]. This techniqt g1 2 13 0 1
i i it i i in * Calculate B and H for post-processing

hag not been extenswely used for circuit simulation, but main o reeely VAL VB {VC3YAREA}

in finite element analysis. The main drawback of the Preisai e22n o VALUE=({V(1,2)/LEN}

model for implementation in a SPICE based simulator is tr mee. “M° PO

requirement for state based modeling which would require

the development of a C or Fortran based model. In this Cag'@,. 6. Original Jiles—Atherton model implemented using Pspice.

the Jiles—Atherton model was considered to be useful for

two specific reasons. The first reason is its implementatidrhe rate of change of the irreversible magnetizatidgy, , is ob-
using simple equations with meaningful parameters. This tained using (3), which is a lumped model of the losses caused
important when the temperature dependence of parameterfyisiomain wall movement and distortiabl is the total magne-
considered. If essentially arbitrary parameters as used, adization,d is the direction of the applied field strength(+1 for

the Preisach approach, then it may be difficult to meaningfulgositive,—1 for negative slope)n is the permeability and is
characterize parameter variations. The second reason is ttieemodel parameter that defines the hysteresis of the loop. The
structure of the Jiles—Atherton model using separate equatigq@ameter a defines inter-domain coupling and is effectively a
for the reversible and irreversible magnetizations. Having dirgetoportion of the magnetization

access to these variable allows the power loss to be directly M. (Mo — M)

calculated using the model. While this does not preclude a oL — = . (3)
similar approach using other models, it is a convenient aspect dH sk _ a(Ma, — M)

1
of the Jiles—Atherton model. L . .
2) Implementation of Jiles—Atherton  Model Usindrhe total magnetization rate of change is calculated using (4),

SPICE: Jiles and Atherton have developed a theory Jyherec is the parameter dictating the relative proportion of re-

ferromagnetic hysteresis which separates the hysteresis fufRrSible and irreversible magnetizations
tion into the reversible, or anhysteretic, and the irreversible, dM 1 M,-M ¢ dM,,
or loss, magnetizations. The magnetization is the lumped dH 14 clk _ (Man — M) + 1+c dH (4)
change in magnetic state when an external magnetic field is #
applied to the magnetic material and gives rise to an equivalertis model has been implemented in a variety of commercial
magnetic flux. Jiles and Atherton explain how the behavior @imulators, such as PSPICE and SABER, and is the de facto
individual magnetic particles and domains can be treated astandard model for most nonlinear core modeling using circuit
bulk material and an effective lumped expression derived feimulators. The listing of the original Jiles—Atherton model im-
the magnetization The total lumped magnetization as derivg@mented in Pspice is given in Fig. 6.
by Jiles and Atherton is given in (1) and illustrated in Fig. 5 3) Modeling Power Loss in Magnetic Componentsefner
and Blackburn [5] and Hsu and Vu-Quoc [36], [37] have de-
M1orar = MigrevERsIBLE + MreversiLe. (1) scribed how electrical semiconductor devices can be linked dy-
namically with a lumped thermal network for simulation. This
The normalized anhysteretic functial?,,,, is approximated by method operates on the principle that the power in the elec-
the Langevin function as given by (2) whef&. is the effec- tric circuit can be instantaneously calculated from the resistive
tive applied magnetic field and is the parameter modifying elements directly. The resulting power is then connected to a
the curvature of the function. The function must be scaled iiyermal network as a heat source. The solving of the network
the saturation magnetizatiavl, to obtain the actual reversible equations results in a change of temperature which is then used
magnetization to control the electrical properties of the device, providing dy-
namic self-heating and behavior variation depending on temper-

A @) ature. In this paper a similar approach has been implemented,
H.~ with the power loss calculated for the magnetic component.

1
Man = T 17717 7 a\
tanh(H./A)
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B(T) the eddy currents. This is apparent in a largéf loop. This ap-
proach is fine for a single sinusoidal frequency, but less useful
in the general case for arbitrary waveforms. The second form is
to dynamically include the eddy current behavior in the model.

Recovered
Energy

H (At/m) This_ can be a_chieve_d using indu_ctors to model power loss in

conjunction with resistors to provide the correct frequency re-

&Dissipated sponse, or by using a filter on the applied field variable to pro-

Energy vide a larger apparerf® H loop area at higher frequencies. In

this paper, fixed frequency sinusoidal waveforms were used,
— BH Curve and the frequencies were chosen to minimize the effect of eddy
v === Anhysteretic Fn. currents on the eventual thermal behavior. In this paper the a.c.
resistance variations have not been included, but this could be

Fig. 7. Recovered and dissipated energy inf# loop. easily implemented using an RL ladder network with the same

principle.

The conventional method of calculating the hysteresislossre-
quires the measurement of the area of#é loop. The energy £+ Winding Losses
lost per cycle is obtained by integrating the field streng@th To include the d.c. winding losses, the winding model previ-
with respect to the change in flux densiti3). The mean power ously given in Fig. 2 was modified as shown in Fig. 9 to extract
loss is found by multiplying this energy by the frequency. Urthe instantaneous power dissipation from the winding for inclu-
fortunately, this procedure does not provide the instantaneaisn as a power source in the thermal circuit.
power dissipated inside the material. It is possible to make the
assumption that the thermal network time constant is several Br-Modeling the Thermal Behavior of the Magnetic Component

ders of magnitude greater than that for the magnetic circuit andl) Thermal Modeling ConceptsThe thermal model for

effectively averages out the effect of the cyclic power applieﬂqe magnetic core consists of the core thermal conduction, the

This assumption allows the approach to be used in practical #ermal convection to the atmosphere and radiated emissions

amples, but the instantaneous power will still only be valid D Jescribed by Snelling [35]. The governing variables for the
average over the period of the simulation, not at every simu % ; i
tion point thermal system are the heat flow (or power) and the tempera

The Jiles—Atherton model is based on fundamental enerture' In the thermal network models, the heat flow is defined as

considerations as explained by Feynman [33] and Jiles [ through variable and-the temperature as the across variable,
which implies that the instantaneous power loss can be deri logous to the eIe.ctrlcaI current and voltage respectively.
directly from the model. The Jiles-Atherton model uses e{.ﬁach of the-elementsmt-he thermel network can.be represented
anhysteretic function to represent the stored energy, and ¥ &n equivalent electrical circuit model for simulation, as
the instantaneous energy loss can be approximated as sh&&scribed previously by Hefner and Blackburn [5] and Hsu and
in Fig. 7. The instantaneous power loss can be obtained ¥y-Quoc [36], [37].
differentiating the instantaneous energy loss with respect to2) Thermal Conduction ModelSnelling [35] provides the
time. This power loss can be used as the input to a therng@neral expression for the calculation of the conduction of heat
circuit for a more accurate representation of instantanedii$ough alaminaand hence the effective thermal resistance for a
power loss. While this method is not an exact derivation of tHgagnetic core as given in (5), whefe is the elemental lamina
power loss, it is an improvement over the cycle based approdbickness is the thermal conductivity and is the cross-sec-
and permits a more accurate estimation of the energy losstignal area
the magnetic material for an arbitrary applied magnetic field s
(H) at all points in the simulation. Ry = .
4) Modifications to the Jiles—Atherton Model to Include AxA
Dynamic Self Heating EffectsThe Jiles—Atherton model was Practical magnetic materials are usually of a more complex
modified as shown in Fig. 8 to use the generated temperatgt@pe and this requires some analysis, again described by
based on the heat flow into the thermal network to dynamicalshelling [35], to calculate the effective thermal resistance of the
modify the model parameters. The dependence on the teffaterial. In the magnetic core, the power source is distributed
perature was modeled using the polynomial approximatiofigoughout the volume. To calculate the thermal resistance of
calculated from the experimental data. The heat flow into theyoroid, for example, requires the integration of the heat flow
thermal circuit was calculated using the integral of &  gyer the volume of the toroid. The thermal resistance relates the
curve to evaluate the area inside the loop. integration between the centre of the core and the core surface
to the total power input. Equation (6) shows that the thermal
D. Including Eddy Current Losses resistance is dependent on the cross section diardeiéthe

(®)

The eddy current loss can be implemented in two forms. Tﬁ%rmd
first uses the existing Jiles-Atherton model for the core, but the d2
model parameters are characterized with the behavior including Rorn = N+16 (6)
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SUBCKT expja_th7 1
+ MS=430K A=33.5 K=27.98 C=0.406 ALPHA=3.28U ECRATE=54.1 MSTC=-1138.2 KTC=-0.073 CTC=1.63m ATC=-1.11¢-3 ALPHATC=5.28¢-9 ECRATEATC=0
* CONVERT MMF TO HE

E1l HE

R1 HE

* ANHYSTERETIC MAGNETISATION
E2 MAN

R2 MAN

* 1DH/DT

E3 5

C1 N

RD 6

\'2! 7

* DELTA*K

E4 8

R3 8

c2 DELTAK
* INTEGRATE MAGNETISATION
ES 10

D1 10

R4 DMDH
E6 M

RS M

E7 FLUX
R6 FLUX
G1 1

* Calculate thermal Output

E8 MIRR
E9 PLOSS
G10 3

E10 T

* Thermal Variables

*MS

EMS T™S
RMS T™MS

*K

EK TK

RK TK

*C

EC TC

RC TC

*A

EA TA

RA TA

* ECRATE

EEC TEC
REC TEC

* ALPHA

EALPHA TALPHA
RALPHA TALPHA
* Calculate B and H for postprocessing
E21 B

E22 H
.MODEL DMOD
.ENDS

2

(=R e ] oo

(=1

DELTAK

(=]

oo cooco mOoOCOoOOoOOQgOo
=
=]
T

oo

0
D(N=0.01)

3 PARAMS: AREA=10E-6 LEN=10E-3

VALUE={V(H)}+ALPHA*V(TALPHA)*MS*V(TMS)*V(M)}
IMEG

VALUE={IF(ABS(V(HE))>1E-3,l/TANH(V(HE)(A* V(TA)+ 1u))-(A*V(TA)YV(HE),0.333* V(HEY/(A*V(TA)+ 1u))}
IMEG

1 2 1
M (IC=0)

M

ov

VALUE={K*V(TK)*EXP(-(V(H)*V(H)(2*ECRATE*ECRATE*V(TEC)* V(TEC)))) *SGN((V1))}
1K
1PF

VALUE={V(MAN,M)/(V(DELTAK)-ALPHA*V(TALPHA)*MS*V(TMS)* V(MAN,M)+1M)/LEN}
DMOD

1K
VALUE={SDT(1000*I(V1)*V(DMDH)/(1+C* V(TC))}+C* V(TC)* V(MAN)/(1+C*V(TC))}
1K

VALUE={AREA*1.258E-6*(MS*V(TMS)*V(M)+V(H))}

IMEG

FLUX 0 1

VALUE={V(M)-V(MAN)}
VALUE={V(1,2)*1.258E-6*(MS*V(TMS)* V(MIRR) + V(H))}
PLOSS 0 1

3 0 1

VALUE={(MS+(V(T)*MSTC))/MS}

1000

value={(k+(v(t)*ktc))/K}

1000

value={(c+(v(t)*ctc))/c}

1000

value={(A+(v(1)*ATC))/A}

1000
value={(ECRATE+(v(1)*ECRATEATC))/ECRATE}
1000

value={(ALPHA+(v(t)* ALPHATC))/ALPHA}
1000

VALUE={V(FLUX)/AREA}
VALUE={V(1,2)/LEN}

Fig. 8. Spice listing of Jiles—Atherton model extended to include parameter variations with temperature.

SUBCKT winding_th

RP1
V19
V26
E18
E23
R23
F17
R17
L17

8
2
4
9
6
6
0
0

0

{RW}
0
0

VALUE={N*V(7)}
VALUE={N*I(V1)}

{RD}
V21
{RD}
1

E3MMF 0 VALUE={V(3,4)}
ESFLUX 0 VALUE={I(V2)}
.

* Thermal Circuit

*

ETH PLOSS 0 VALUE={I(VI)*[(V1)*RW}
GTH5 0 PLOSS 0 1
ENDS

Fig. 9. Winding model with thermal pin connection.

1 2 3 4 5 PARAMS: N=1 RD=100MEG RW=1M 3) Thermal CapacitanceThe definition of the thermal ca-

pacitance is given by (7), wheé@- . is the incremental Power
Loss,Cp, is the thermal capacitance afdb/dt) is the rate of
change of temperature

de

0Pty = Ory * e (7)

The thermal capacitance can be modeled in a circuit simulator
using an electrical capacitance, where the value of capacitance
is the thermal capacitance for the material. The value of thermal
capacitance for a material can be calculated using the volume,
density(p) and specific heafc) in (8)

Crg = Volumex p x c. (8)

4) Thermal Convection:The major loss of heat from the
core material is by convection heat transfer. Estimates of the loss

The implementation of a thermal resistor in spice caare given by Snelling [35], with the expression for the power
be achieved using a standard resistor component, with tfbes per unit surface area from a cylinder given by (9). If the

resistance equal to the thermal resistance.

toroid is assumed to be of approximately circular cross section
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.SUBCKT RCONV

*

1 2 PARAMS: AREA=1.0 D=10.0e-3 K=6.3

NN

Gl 1 3 VALUE={K*(V(1,2)**1.25)/(D**0.25)*AREA}
Vi3 2 0 Emission
E2 POWER 0 VALUE={I(V1)} Tsurface
E3 DELTAT 0 VALUE={V(1,2)}
.ENDS . Convection
Hysteresis
Fig. 10. Thermal convection model. + Eddy Current _ith Core .
+ Winding J— Ambient
Power Loss Temperature
SUBCKT EMISSION 1 2PARAMS: AREA=1.0 E=1.0
*
Gl 1 3 VALUE={5.67e-8*E*(V(THETAS)**4-V(THETAA)**4)*AREA} —
Vi3 2 0 — J— —
E2 POWER 0 VALUE={K(V1)}
E3 THETAS 0 VALUE={V(1)+273.0} Fig. 12. Thermal circuit.
E4 THETAA 0 VALUE={V(2)+273.0}
.ENDS
10.6 +/- 0.3
Fig. 11. Thermal emission model. Coating PA11

gquate accuracy
[All Dimensions in mm]

then the convection of heat from a toroid is considered to be [ ¥
approximately the same as that from a cylinder, wieiethe 444)- 0’31 ] i [@T no3
temperature difference across the boundary @igdthe toroid ,

diameter. In most cases a thermal resistance model is of ad U

91.25

Pconvection =6.3* W (9)
. . . . Fig. 13. TN10/6/4 physical dimensions.

The thermal convection was modeled in spice using the mode%
given in Fig. 10. (o —

5) Radiated EmissionsThe radiation of heat from the core RS 206-3750 - Griffin-Grundy Oven |
is generally disregarded as it can be much smaller than the ot Temperature —L_0 !
forms of heat transfer, but can be included in a model if nece Meter ! TN10 - 3F3Y |
sary for improved accuracy. The standard Stefan—-Boltzman |l | ps345 L Power ’ I
given in (10) defines the rate of heat dissipation, whigiie the Signal Amplifier NP!j i
emissivity of the material Generator [ | Ri ; |

Pradiation =5.67 % 1078 * B ox (Téurface - Tfmbient)' (10) - ' :

The thermal emission was implemented in spice using t | Tektronix Ns
model given in Fig. 11. TDS220 -C=-___Hl

6) Thermal Network Model Implementatiomn this paper, [Digital —
the temperature was assumed to be constant across the vol | Oscilloscope CHe =

of the core material, and therefore the thermal resistance or
the core material can be ignored in this instance. If the heag. 14. Test configuration for temperature characterization.
transfer behavior across the core material is required, then a

ladder network of thermal resistances and capacitances is n@scribed by Hefner and Blackburn [6] and Hsu and Vu-Quoc
essary. The transfer of heat from the core to the surroundifgg), [37]. The penalty for using a distributed approach would

atmosphere takes place primarily through surface convectiga 3 considerable added complexity to the circuit simulation.
and radiated thermal emissions. The thermal capacitance of the

TN10/6/4 core is based on the volume, specific heat and den-
sity of the core material. Using the Philips data book density
value of 4750 kg/rh, the specific heat of MnZn Ferrites given ) ,
by Snelling [35] as 700-800 JKg°C~L, and the volume of A- Measurement of Material Behavior

the core (188e-9 /) the thermal capacitance was calculated A test transformer was made by winding primary and sec-
to be 0.67 IC~'. The parameters for the convection modedndary coils on a Philips TN10-3F3 toroid core (dimensions
were based on the surface area of the toroid’s ferrite mateg@en in Fig. 13). This component was then used to extract the
293 mnt and diameter of 4.4 mm (see Fig. 14 for the toroid’sequired magnetic material model parameters. Each winding
dimensions). The resulting thermal circuit is shown in Fig. 1has 40 turns of 28 S.W.G. copper wire. The transformer was
If more detail is required in the thermal model, a distributetésted using the configuration shown in Fig. 14. The stimulus
approach can be implemented using the same basic modelsyageform was defined to provide a maximum applied magnetic

I1l. DERIVATION OF MAGNETIC MATERIAL
MODEL PARAMETERS
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Fig. 15. BH characteristic variation with temperature. Fig. 16. Variation ofA with temperature optimized to within 3% error.

0.80 :
field strength( H) of 100 At/m. The power amplifier was con- 0.70 T
figured as a current amplifier to ensure that the applied cur g9 1.1 I/I/H
rent and hence applied magnetic field strength was the sam = 5 T//PI’/I/I 1 3
under all environmental and load conditions. Initially the fre- © 0.40 {//I
quency was set to 80Hz to minimize any eddy currents. The 0.30 |
primary current sense and secondary voltage waveforms wel 0.20
captured using a digital oscilloscope and transferred to a pel 00 200 400 600 800 1000 1200 1400 1600
sonal computer for post-processing. The flux den&iBy was Temperature (Degrees Celsius)
derived from the (no load) secondary voltage by using numerice
integration (fourth order Runga—Kutta) and the applied mag: + C(Measured) — C(Linear Fit

netic field strength (H) derived from the voltage across the pr|— 17, Variation ofC with t . imized to within 109
ariation o emperature optimized to n error.
mary current sense resistor. The environmental temperature Was iati With temperature optimized to within 10%

varied across the range 2T to 154°C in 10°C steps by set- 30.00

ting the oven temperature. The temperature was verified using . I

temperature probe attached to the surface of the core. Theten  25.00 I

perature was allowed to stabilize between measurements for & ,4 o, l\I\I\,\t

minimum of 10 min. Examples of the resultid§/ curves ob- ¥ R f\{\\{\{\
tained can be seen in Fig. 15. This clearly shows that as the  15.00 T ,\{
temperature increases, the saturation flux density decreases, 10.00

does the coercive force. There is also increased loop tip closure
as has been previously investigated by Wilson and Ross [31]
Testing of the material beyond the Curie temperature (220
gave rise to complete thermal demagnetization as expected fc + K{Measured) — K(Linear Fit)
this material.

00 200 400 600 800 1000 1200 140.0 160.0
Temperature (Degrees Celsius)

Fig. 18. Variation of/’ with temperature optimized to within 5% error.

450.00
B. Extraction of the Model Parameters Including Temperature

Variations 400.00 }

350.00 -

S (1000s)

The Jiles—Atherton model parameters were extracted fror
the BH hysteresis curves obtained at each test temperature, | € 300.00 - -
optimizing the model to fit the measured data at each point. / ‘
genetic algorithm was used in this case, as has been describ ‘
by Wilson, Ross, and Brown [32]. Regression analysis was af.
plied to the resulting model parameters to obtain functions fo
each model parameter with respect to temperature. The resultil + MS(Measured) — MS(Linear Fit)
extracted parameters, regression analysis curves and estimated
errors are shown in Figs. 16-20. It is important to note thgllg 19. Variation ofM g with temperature optimized to within 5% error.
the Jiles—Atherton model parameters may be highly interdepen-
dent, therefore care must be exercised in constraining the &p- Parameter Validation—Static Thermal Testing of Magnetic
timization process to achieve consistency of parameter cha gtenal Model
across the temperature range. Any discontinuity in character-The original Jiles—Atherton model was implemented in
istic should be analyzed for “rogue” optimization results. PSPICE using a behavioral modeling approach, with the

200 400 600 800 1000 1200 1400 160.0
Temperature (Degrees Celsius)
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Fig. 21. Magnetic material model static temperature test circuit in PSPICE
-0.3
modification for improved early closure modeling as outline %4
-150 -100 -50 0 50 100 150

by Wilson, Ross, and Brown [32]. The parameters wel
modified to include temperature dependence as characteri.
previously. The test circuit shown in Fig. 21 was used to te - Measured — Simuiated |
the behavior of the model. The comparison of the measurcu
and simul_atedBH curves at 2_7°C, 95_°C, and 154 C can t_)e Fig. 23. Measured and simulat@#f curves at 95°C.
seen in Figs. 22—-24, respectively. It is clear from these figures

that there is an excellent correlation between the measured and

H (Atm)

simulated waveforms. 03
0.2
IV. EXAMPLE: MODELING A TRANSFORMERWITH 0.1

DYNAMIC SELF-HEATING EFFECTS

B
o

A. Static Thermal Behavior Testing

To demonstrate the electrical behavior of the model, ir
cluding the effects of the thermally dependent magnetic cor 45
an example transformer was modeled including eddy curren
winding losses and hysteresis losses, with a thermal circuit  -03
complete the electric-thermal-magnetic model. The comple <150  -100 -50 0 50 100 150
model of the transformer, thermal circuit and electrical circu H (At/m) '
is shown in Fig. 25. A voltage was applied to the primary of th
transformer at 80 Hz at 20C and 70° C driving the transformer
into saturation for a short time with the resulting simulatelgi 24 Measured and Simulat@E curves at 154°C
and measured waveforms shown in Figs. 26 and 27. The initial" ™~ '
difference between the measured and simulated waveforms is
primarily due to differing initial conditions and the waveformgations correctly predict the reduced amplitude of the secondary
correlate better after one cycle has been completed. The simakage of the transformer windings at the higher temperature,

= Measured — Simulated |
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25. Electrical-thermal-magnetic transformer model in PSPICE.
0.1 TABLE |
0.08 | MEASURED AND SIMULATED
0.06 - TEMPERATURERISES
0.04
0.02 Core Material  Frequency Measured Temperature ~ Simulated Temperature
0 Change (°C) Change (°C)
-0.02 TN10/6/4 3F3 1KHz 3.2 35
-0.04
-0.06 RM12 3F3 10KHz 30.5 34.4
-0.08 Iowf
-0.1 : : : :
0 0.005 0.01 0.015 0.02 0025 B, Self-Heating and Dynamic Magnetic-Thermal Testing
Time (s)

26. Measured and simulated transformer secondary voltage &£27

0.08
0.06

0.015 0.02

0.01
Time (s)

. Measured — Simulated

27. Measured and simulated transformer secondary voltage &£70

With the static results showing a good correlation between
measured and simulated results at a variety of environmental
temperatures, the core temperature was measured and simulated
due to the self heating of the core itself. For the TN10-3F3 core,
a simulated temperature rise of 3G corresponded well with a
measured rise of 3ZC. Measurements on a range of core types
showed a thermal time constant in seconds making full real-time
simulations time-consuming and memory intensive. The results
of the overall temperature rise measurements and simulations
are given in Table I. By reducing the thermal capacitance in the
thermal model, the simulation times could be reduced but still
keeping the overall temperature changes correct. An RM12 core
was used to investigate the accuracy of the approach for a more
complex core type.

C. Simulation of Dynamic Magnetic Material Behavior

Investigation of the self-heating behavior of components
using measurements demonstrated a significant time for thermal
changes to take place, in the order of several seconds using the
test waveforms described previously. To show the transition of
the material behavior as the temperature increases, it is valid

and accurately predict the electrical behavior of the transformerreduce the time constant in the thermal circuit by reducing
at different temperatures.

the value of the thermal capacitance. Using this approach it
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S PR S S U B. Validity of the Model
0.2 1 m WW”M '] | N The model in its present form has only been tested for sinu-
£ 0'(1) | soidal waveforms at low frequencies10 kHz). Although the
2 5.1 model is theoretically valid for arbitrary waveforms and higher
-0.2 1 - L Il 1 frequencies, these have not been tested thus far, and will be the
0.3 1 28 U RRR'ENAS ARGRESFSSSRARRARRRINNRENARS .
o4 subject of future work.
0 0.05 0.1 0.15 0.2

Time (s) C. Simulation Issues

This work has raised issues with simulating this type of
mixed-domain system, the most important of these being large
differences in time constants. If simulations are carried out over

Fig. 28. Variation ofBB with time as core temperature increases.

70 . o . .
g long periods, then it is possible for cumulative accuracy to be
g 60 . . . .
§ 50 very poor. This paper has highlighted this and demonstrated that
8 '2 40 /. by judiciously reducing the thermal time constants, reasonable
8 §> 30 4 predictions of the overall performance can be obtained.
L2
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