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Analysis Method for Considering the Effect of Magnetic Cross
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This paper presents the evaluation method of the performance in interior permanent magnet synchronous motor (IPMSM) over the
entire operation condition. The conventional mathematical model of the IPMSM is accomplished by using d-q axis equivalent circuit
model, which consists of motor parameters such as the permanent magnet flux, the copper resistance, the iron loss resistance, and the
d-g axis inductance. In IPMSM, it is well known that the phenomenon of the magnetic cross saturation occurs depending on the
operating condition, however, for convenience, the influence of magnetic cross saturation is usually neglected in the d-q axis machine
model. This paper proposes the analysis method with considering the magnetic cross saturation based on d-q axis equivalent model,
and the proposed method is verified by the comparison between computed results and experimental results.

Index Terms—IPMSM, d-q axis equivalent model, Magnetic saturation, Cross saturation, Core loss resistance

I. INTRODUCTION

HESE days, Interior permanent magnet synchronous

motor (IPMSM) is widely used in industrial applications,
because that it has many advantages, such as robust structure,
high efficiency, and high controllability [1],[2]. Appropriate
control of the current vector is necessary for high-performance
control, several control methods have been proposed in order
to reduce the power loss of IPMSM and improve their
performance. The algorithms widely used are the maximum
torque-per-ampere (MTPA) control and the flux weakening
control, and the groundwork for these motor controls is the
two phase equivalent circuit model (d-g axis machine model).
Therefore, the key of high-performance control is the motor
parameters in d-q axis machine model. It is necessarily
required to consider the magnetic non-linearity when the
machine is designed and analyzed, because that the motor

parameters vary nonlinearly depending on operating condition,

which is able to change the level of saturation and magnetic
field distribution in the motor [3].

Especially, the d- and g-axis inductances vary depending on
the d- and g-axis current respectively. Moreover, IPMSM has
the magnetic cross saturation phenomenon according to the
current vector control. In order to analyze the performance of
IPMSM, previously, an equivalent magnetic circuit model of
IPMSM have been developed without directly including
magnetic saturation and cross saturation effects [3],[4]. This
paper is based on recent work that presents the analysis
method to decide correct the current vector with considering
the cross saturation effect and core loss in the d-q axis model
of the IPMSM.

Il. MoDIFIED D-Q EQUIVALENT CIRCUIT MODEL
The equivalent circuit analysis for the IPMSM is based on a
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rotate synchronous d-q reference frame, and frequently used
to simulate performances of the IPMSM. The mathematical
model of the equivalent circuit is given as follow the voltage
equations [1],[5].

= +
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where, iy, i, = d- and g-axis component of armature current;

1, = phase armature current (rms);, 7, = \/§ L,

va, v, = d- and g-axis component of terminal voltage;

R, = armature winding resistance per phase;

¥, = flux linkage peak of permanent magnet;

¥, =3 ¥;

Ld, = d- and g-axis armature self inductance;

= pole pair; , p = differential operator (=d/dt);

w, = rotor speed in angular frequency;

f = current angle;
When core losses are considered, the voltage equations of the
IPMSM are given by [11];

Va | |t +1 R, || Vou Ly 0 |liy 3
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The mathematical model with considering the core losses is
induced by core loss resistance, Rc.
where, i, i, = d- and g-axis component of iron loss current;
Ioa Iog = - and g-axis component of load current;
R. = iron loss resistance;



>EL-04 <
ld R iod — ;
O A oL,
icd
v
a RC vod
Ld
Y Y\ |
O L
(a) d-axis equivalent circuits
i R i _
O—ANA—— ”+@§9
Loy +
Yy R(‘ Vog
L, ‘—
O Y YA

(b) g-axis equivalent circuits
Fig. 1 Equivalent circuits of IPMSM

Fig. 2 Modified segment of core loss resistance from d-q equivalent circuit

Fig. 2 shows the d-g equivalent circuit frequently used for the
representing of the mathematical model with considering the
core losses [1],[5].

The equivalent core loss resistance (R) in this d-q equivalent
circuit is proportional to product of squared magnitude and
squared frequency of flux. However, the core losses consist of
the eddy current and hysteresis losses.

Therefore, in order to consider hysteresis loss to product of
squared magnitude and absolute frequency of flux, the
equivalent core loss resistance (R;) can be divided by two
resistances, which are both eddy current resistance (Rc) and
hysteresis loss resistance (R.y), in parallel form as follows;

(6)

After calculating total iron loss, W., the iron loss resistance R,
can be calculated by (7).

/4
Poxo, + Py == where P.= 1o ()
0 X

The core loss calculation of an electric motor is given the
detail description by other authors in [6]

The parameters of the prototype IPMSM are listed in Table
I, the motor is in the employment of the compressor of the air
conditioner.

TABLE | SPECIFICATION OF PROTOTYPE IPMSM

Parameters Value Unit Parameters Value Unit
Phase 3 phase Back-emf 0.0214 Virpm
Pole 4 pole Rs 0.25 Q
Vdc 300 \Y Rce, Rch 865, 1.5 Q
100
—e—\WCe
901 | —o— Wch
804 |—=—Wce No_load Core loss : 7,
70
’§ 60
2 50
3
o 40
S Wa
(&) 304
20 e, = e
iR, R,
10+ From linear curve fitting
0 | R, =8651(Q), R, =1.5(Q)
T T T T T
1000 2000 3000 4000 5000 6000 7000

Speed (rpm)
Fig. 3. No load core loss and equivalent core loss resistance

Fig. 3 shows the estimated results of the core loss, eddy
current resistance (Rce) and hysteresis loss resistance (R,) for
the proto type IPMSM. The amount of two core loss
resistances at each operating frequency can be found by using
FEA about the core loss. From the analysis result, it can be
estimated that the resistance R, and R¢, by using the linear
curve fitting method, and the estimated core loss resistance R,
can be calculated from (6) and (7).

I11. INTRODUCTION EVALUATION FOR MAGNETIC CROSS
SATURATION

Actually, Lq and Lq is function of the d- and g-axis current, if
the magnetic cross saturation effects are ignored and, the Ly
and L, are assumed to be constant parameter. It seems that the
operating performances become worse and the control system
may become unstable. Therefore, in order to analyze accurate
operating performances of IPMSM, cross saturation effects of
the inductances should be considered.

In this paper, the Ly and L are obtained directly by using
armature linkage flux and magnet linkage flux, which are
obtained from the FEA. So, L, and L, according to the
armature current vector can solved by using (7) and from Fig.
412].

- sin
[ =YV, g YT ®)

i I,

where y, = linkage flux of the armature current reaction,
o = phase difference between y, and y,.
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Fig. 5. Lgand L, profile according to the cross saturation effect

Although it is evident that above method is not very novel, it
is new challenge that the evaluation of the d-q equivalent
circuit is characterized with both the magnetic cross saturation
and two components of core loss resistances, which are
variable at rotating speed .

Fig. 5 shows the inductances that consider magnetic cross
saturation. The d-qg axis inductances are scatteringly calculated
by using FEM, the d-q axis inductances over the entire
operation spaces can be derived from the spline interpolation.
These inductances are used in the analysis considering the
effect of the magnetic cross saturation.

I\V. DESCRIPTION OF PROPOSED ANALYSIS METHOD
IPMSM has a saliency and the reluctance torque is available,

each current vector is controlled in order to produce the
MTPA control in the constant torque regions and the flux
weakening control in the constant power resigns. Basically,
the condition of the MTPA control can be derived by
differentiating the torque equation with respect to p and
equating the derivatives to zero, and the condition of the flux
weakening control is accomplished by the satisfaction of a
voltage limitation. However, these mathematical formulations
are complicate or insufficient for considering both magnetic
cross saturations and core losses in d-q equivalent circuit
model.

Therefore, the evaluation of the d-g equivalent circuit model is
accomplished by using the fundamental voltage equation and
constrains of the control resigns in this paper. The proposed
computation method is based on the iteration algorithm shown
in Fig. 6. Also, the iteration method can be solved by using a
numerical optimization algorithm. In order to choose a proper
current vector that satisfies the constrains of the operating
resigns, the proposed analysis method uses the inductance
profile of magnetic cross saturations and core loss resistances,
In each iteration step, the inductances, which correspond to
the current vector, are replaced to the voltage and torque
equation.

V. ANALYSIS RESULTS AND DISCUSSION

Fig. 7 shows the configuration of performance measurement
of the IPMSM for driving the compressor of air conditioner.
This motor is adopted for the verification of the proposed
analysis method.

T, = Torque command
V., = Voltage limit
K, = Torque coefficient

m
Speed =y
v B=pm

(m=m+1)

(m=m+1)

(n=1) I ﬁnH =B +AB I
Nz

(k=k+1)

Computing the voltage and torque
equation by using the Profile of the L
and L, according to current vector
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Fig. 6. Flow-chart of the proposed evaluation of the d-g equivalent circuit
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Fig. 8 and Fig. 9 display the comparison of the computed
results and the measured results, where the each operating
condition over the overall speed is constant torque as 2 N-m
and 4 N-m respectively. In fig. 8, the analysis results agree
well with the measured results except in the high speed resign,
which needs more time for tuning the proper control gain of
the high speed. From the analysis results of Fig. 9, it can be
known that, when the operating point is moving to ‘A *, the
current is slightly increasing reason for raising the core loss
current according to the motor speed, and when the operating
point is moving to high speed as ‘B *, the current is surging up
because of keeping the constant torque in the flux weakening
area.

Fig. 10 and Fig 11 show the loss and efficiency distribution
in overall operating points respectively. These results are
accomplished by the proposed analysis method, and it can
easy estimate the overall performance of the motor.

VI. CONCLUSION

In this paper, the analysis method of IPMSM, in which the
d-q axis equivalent magnetic circuit is solved by using the
iteration algorithm, is proposed.

DSP cog(trcller
Inverter

Fig. 7. Bench testing set for the IPMSM
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The influence of the magnetic cross saturation is considered
by using the d-q axis inductance due to operating condition.
Additionally, the core loss is reloaded at each load condition
by using two components of the core loss resistance.

The proposed analysis procedure can easy evaluate the
overall performance of the IPMSM, has been successfully
demonstrated. Therefore, it can be considered that the
proposed method is useful for the analysis and design of the
IPMSM.
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