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Fundamental Iron Loss Characteristics of Ring Cores Connected in
Series and Parallel under Inverter Excitation
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When iron loss characteristics on an inverter excitation are evaluated by using multiple loads connected in

series, they indicate lower iron losses compared with using the loads connected in parallel. It indicates that multiple

loads should be connected in series to reduce the iron loss when the loads are excited by one inverter. This

phenomenon is caused by semiconductor on-voltages changed by the connection method. This conclusion is

introduced by an experimental evaluation using three ring cores made of electrical steel sheets (35H300). In

addition, to corroborate the experimental results, a numerical analysis is carried out, in which both of

characteristics of magnetic hysteresis and semiconductor are taken into account. Analysis results also indicate the

same tendency as the experimental results.
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1. Introduction

Utilization rate of electric equipment is increasing in
modern society, because of its superior characteristics
as controllability, high responsiveness, cleanness and
reversibility. In addition, a motor drive system becomes
possible to be applied to transportation system as not
only automobile but also ship or airplane by power
electronics technology.

Since arbitrary frequencies and voltages can be
provided in high response by switching operation of
inverter, it is possible to control rotation speeds of
electrical motors easily. The electrical motors have
cores made of magnetic materials such as electrical
steel sheets. Therefore, they are excited magnetically
with time-harmonics by an inverter for controlling
frequencies and voltages. However, the characteristics
of electrical steel sheets are determined by a sinusoidal
excitation without time-harmonics according to
domestic and international standards?, and it is
usually used for design of the electrical motors.

Many researchers have reported that the carrier
harmonics in inverter excitation causes iron loss
increase of electrical steel sheet®®. In addition, it is
revealed in our previous research that the iron loss
characteristics are also affected by on-voltages of
semiconductor in an inverter circuit: the shape of minor
loops is changed by the amplitude of on-voltages and
the iron loss is changed by them®9.

The on-voltages are changed by currents passing the
semiconductor. Namely, the on-voltages depend on
currents and voltages applied in load such as a motor.
Therefore, when multiple loads are excited by using one
inverter, the load-currents and the load-voltages are
different from the case of single-load due to division of
current and voltage. It indicates that the iron loss
characteristics are affected by connection method of
multiple loads.

A train drive system, in which one inverter drives
multiple induction motors connected in parallel, is
shown as an example of using multiple loads system!?.
Moreover, in an electrical motor, the slot winding has
an option of series-connection or parallel-connection.
These connection methods are selected from a
standpoint of controllability!V1® or desired motor
characteristics. However, in conventional investigations,
iron loss characteristics have not been focused on in the
connection methods. Therefore, the connection methods
should be investigated from a standpoint of iron loss
characteristics to reduce loss on driving system.

Consequently, as a fundamental investigation, the
iron loss characteristics are measured by using multiple
ring cores made of electrical steel sheets. They are
connected in series or in parallel and excited by
single-phase PWM (pulse width modulation) inverter.
In this study, to obtain the difference by connection
method clearly, three ring cores are used for the
evaluation. In addition, to corroborate the experimental
results, the numerical analysis is also carried out, in
which both of semiconductor and
magnetic material are taken into account!4-16,

characteristics

2. Influence of on-voltages on Minor Loops

2.1 Single-load

First, the influence of on-voltages is described by
using single-phase inverter shown in Fig. 1 and
single-ring shown in Fig. 2(a). The specifications of one
ring core are shown in Table I. Vout and lut in Fig. 1 are
the output-voltage and the output-current of the
inverter. Von in Fig. 1 is the on-voltage of semiconductor
in the inverter circuit. Viing and Aing in Fig. 2 are the
ring-voltage and the ring-current applied to one ring
core. The single-phase inverter excitation has two
modes: ON-mode and OFF-mode as shown in Fig. 3.
The following circuit equations (1) and (2) are obtained
from ON-mode and OFF-mode, respectively.
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Vac = Vi + Viing + V4, (1) Table I Specifications of one ring core.
Material 35H300
0= Ti+ Viing + V4, (2) Outside diameter 127 mm
. Inside diameter 102 mm
where Vi and Va are the on-voltage of IGBT and diode. .
. Height 7 mm
Therefore, the ring-voltages Viing of ON-mode and . o
. . Primary coil winding number 254 turns
OFF-mode are expressed as the following equations (3) S
. Secondary coil winding number 254 turns
and (4), respectively.
I/ring = Vac£ 274, (3) Iringl (= 1ow)

I/ring = i( Vs + I/f) (4) v 4

ringl

“+” is decided by direction of current flow. For example, Vo
A

when the current flows through voltage source and O

IGBT 3 and ring and IGBT 2, “~” is selected in equation - 4

(3) (a) Single-ring
Magnetic field intensities H and magnetic flux e €

densities B are calculated by the following equations: Ringl Ring2

NI ring 1,

ring
/ ? (5) (= Lo P

P~
O Vringl Vr ng2
y E Vel 3) = Vou!

i
oul
out

H =

>

>
>

3)

O

1
B:N_ZS'[Vringdt’ (6) v
(b) Series-connection

where M, Mo, 1, and S are the primary winding number, Lo (5 314g)
the secondary winding number, the average magnetic- oF——
path length, and the cross-sectional area of the ring core, Im,gll Line l Lings l
respectively. Strictly, the secondary voltage e should be

used for calculating B because the voltage drop of the
primary coil can be neglected. However, for easy
explanation, it is assumed that the primary voltage Viing
is the same as the secondary voltage e because M and Ringl Ring2 Ring3
M are the same. O

Fig. 4 shows B-H curve on an inverter excitation. The

minor loops are observed and they cause the iron loss Fig. 2 Connections of ring cores.
increase®®. The minor loops are caused by the drop of
magnetic flux density ABos. ABofr is caused in OFF-mode

~
o
o
™~
<
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(= Vow y vy A

(c) Parallel-connection

Diode 1 Diode 3

A
of inverter excitation as follow: i li v, Z% | lij i l\/A v 2& J lilef
1 1 IGBT 1 . IGBT 3 - I
Aoit 7N_2SJ‘off Fring 1= iN_szoff(Vs e T I S
de <—V de < B
Equation (7) indicates that the minor loops become IGBT 2|Diode IZGBr"llt“lg4 Diode 4 e
large when the large on-voltage applies to ring core, and ] li? i liu )E | Kjﬁ | li}
it affects iron losses increase 99 Vs
(a) ON-mode (b) OFF-mode

1 Single-phase PWM inverter

J 67 (MWINV-9R1224) Fig. 3 Current flows in inverter circuit for both modes.
! i1, Free wheel device: 0.95
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Fig. 4 B-H curve under PWM inverter excitation.
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2.2 Three ring cores connected in series or in parallel

In series-connection shown in Fig. 2(b), the ring-
voltage Viing becomes a one-third of the output-voltage
Vout. The ring-current hing should become the same as
the case of single-ring when each ring core is excited
under the same excitation conditions as single-ring.
Since on-voltages Von depends on Ling G.e. Lu), Von
included in Vout is also the same as the case of
single-ring. Therefore, Von applied to one ring core also
becomes a one-third.

On the other hand, in parallel-connection shown in
Fig. 2(c), the output-current Lu becomes triple of the
ring-current king. Therefore, Von of parallel-connection
becomes large compared with that of single-ring,
because Lut flowing in the semiconductor is three times
larger than that of single-ring. It causes changing the
operating point in current-voltage (/-V) characteristics
of semiconductor.

Thus, Von applied to one ring core in series-connection
becomes smaller than parallel-connection. It is expected
that the iron losses in series-connection will become
smaller than that in parallel-connection.

3. Experimental Investigation

3.1 Method for measurements

The three ring cores connected in series or in parallel
are excited by single-phase inverter shown in Fig. 1
under the following conditions: fundamental frequency
£, 1s 50 Hz, modulation index m is 0.6, and carrier
frequency £ is changed from 1 kHz to 20 kHz. The
applied DC voltage Vi is set so that the maximum
magnetic flux density Bmax becomes 1 T in each ring
core.

3.2 On-voltages on each connection

First, on-voltage Von included in ring-voltage Viing is
evaluated to confirm an influence by difference of
connection method. Fig. 5 shows output-current ZLut and
Viingt waveforms of ring 1 on £ = 10 kHz and the
enlargement near the maximum Zlu. Von emerges as
voltage protrusion from zero on OFF-mode as shown in
Fig. 5(b).

In Fig. 5, it is confirmed that the on-voltages are
changed by the series-connection and the parallel-
connection. On the series-connection waveform shown
in Fig. 5 (¢), the on-voltage becomes about a one-third of
on-voltage on single-ring due to voltage dividing.

On the other hand, the on-voltage on parallel-
connection shown in Fig. 6 (d) is a little larger than that
on single-ring, because Lut flowing in semiconductor
becomes about three times larger than single-ring. It
causes changing the operating point on [V
characteristics in semiconductor. These phenomena are
described in detail in next analytical investigation
chapter.

The experimental results indicate the phenomena
according to the theory mentioned in section 2-2.
Therefore, it is confirmed from the experiment that the
on-voltages characteristics are changed by the
series-connection and the parallel-connection.
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Fig. 5 Measured on-voltages from each connection (£ =
10 kHz).

3.8 B-H curves

B-H curves are depicted from obtained Band Hin the
series-connection and the parallel-connection. Fig. 6
shows the measured B-H curves in ring 1 obtained from
both connections on £ = 10 kHz. It also shows minor
loops near the maximum flux density. The minor loop of
series-connection is smaller than that of parallel-
connection, because the on-voltage of series-connection
is small. The minor loop leads the iron loss increase
because the iron loss is proportional to surface integral
of B-H hysteresis curve and the surface integral is
performed in addition on the minor loops. Therefore, it
is expected that the iron loss becomes small in series-
connection.
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Fig. 6 Measured B-H curves in ring 1 (£ = 10 kHz).

3.4 Iron loss characteristics

Finally, the iron loss characteristics are evaluated in
both connections. The iron loss is calculated by the
following equation (8). In the measurement, it is
difficult to set the maximum flux density Bumax to 1 T
strictly. Therefore, a normalization of iron loss on just
Bunax = 1 T is performed by using the following equation
(9). In equation (9), the iron loss is assumed to be
proportional to the square of magnetic flux density.

Wre = &deB, ®)
p

ch* = ch X 12 /Bmaxza (9)

where p is the density of electrical steel sheet (= 7650
kg/m3) and superscript (*) means the normalized value.

Table II shows the iron losses obtained from each
connection on £ = 10 kHz. In Table II, it is indicated
that there is no dispersion of three rings characteristics
because the iron losses are the same as each other. The
iron losses of series-connection are smaller than that of
parallel-connection. The total iron loss of parallel-
connection is about 3.8 % larger than series-connection.

To confirm the phenomenon, the iron losses are
obtained by changing the carrier frequencies. Fig. 7
shows the carrier frequency characteristics of total iron
loss on each connection. In each carrier frequency, the
iron losses from series-connection are smaller than that
from parallel-connection. The minimum peak indicated
in Fig. 8 is caused by dead-time effect of inverter
excitation. The dead-time makes additional applied
voltage require in higher carrier frequency!?. It makes
additional current (i.e. additional H) and makes the loss
increased.

INDEX

Table II Iron losses on each connection (£ = 10 kHz).
Wy [Wikg]

Series connection Parallel connection

Ring 1 1.14 1.18
Ring 2 1.14 1.19
Ring 3 1.14 1.18
Total 3.42 3.55
3.7 —
B
§ 3.6 Parallel-connection
s " 52%
172}
S 35| @ll7%
SRRl AN
£ 4
= R S U
e 34 Series-connection
4%
| | | |
0 5 10 15 20

Carrier frequency f, [kHz]

Fig. 7 Carrier frequency characteristics of total iron loss
obtained from experiment.

4. Analytical Investigation

4.1 Method for analysis

A numerical analysis!®19 is carried out to
phenomena
experiment. The numerical analysis can take into

account both

corroborate the obtained from the
of semiconductor characteristics and
magnetic hysteresis characteristics. The analysis is
performed according to flowchart shown in Fig. 816,

When the circuit analysis is carried out in process (v),
on-voltages are calculated by using IV characteristics.
Fig. 9 shows the IV characteristics of semiconductors
used for this analysis. The operating points of the
series-connection and the parallel-connection, which are
mentioned in section 3-2, are also shown in Fig. 9. In
Fig. 9, an approximation according to a quadratic
expression is performed on region less than the current
of 1 A, because it cannot be obtained from datasheets.
Vee and Vr correspond to the on-voltages of the IGBT
and the diode, respectively.

When the magnetic analysis is carried out in process
(iii), Play model'®19 and Cauer’s equivalent circuit20-20
shown in Fig. 10 are used for considering magnetic
hysteresis. The magnetic field intensity H is calculated
by inputting the magnetic flux density B obtained from
generated output-voltage in circuit analysis. In Cauer’s
circuit, v, 1, L, and HKg correspond to dB/dt, H, the
permeability,
respectively. By solving the circuit equation, the

and the classical eddy-current loss,

following equations are obtained.

HYBY=Hf+ HE+ Y, (10)
12

Rg=—5, (11)
kod
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HY =CHY+HY L, (12)
HY :L{3(Bk—3k—1)—3RAzH§‘1}, (13)
2
35
C)=—2RAt, 14
1530 (14)
Cy = RAH(3Cy+10) (15)

where o is the electric conductivity (= 1.92%106 S/m), d
is the thickness of electrical steel sheets (= 0.35 mm). «
is the anomaly factor and it is set to 2 according to Ref.
(16). L is linear inductance and it is set to 1.6 mH
according to Ref. (16). The DC magnetic properties
Hpc(B) is obtained by scalar play model!®-19,

In this numerical analysis, influences of dead-time
and rise time of the semiconductor are neglected for
simplicity.

4.2 Analysis results

Fig. 10 shows analyzed on-voltages corresponding to
Fig. 5. The on-voltage values is the almost same as
experimental results shown in Fig. 5. Fig. 12 shows the
analyzed hysteresis curves on the series-connection and
the parallel-connection. The analysis results express
not only the major loop but also the difference of minor
loops sizes obtained from measurement shown in Fig. 6.

Fig. 13 shows the carrier frequency characteristics on
total iron loss corresponding to Fig. 7. The analysis
results indicate the same tendency as experimental
results: the iron loss obtained from parallel-connection
is larger than that from series-connection on each
carrier frequency.

[ )
v

| (i) Generate ideal PWM inverter voltage Vi, |

7

| (ii) Calculate magnetic flux density B from V |

(iii) Calculate magnetic field intensity A using
magnetic  analysis  considering  magnetic
hysteresis by inputting B

* | (vii) Add V,, to Vigea |

(iv) Calculate electric current / from H N

v

(v) Calculate on-voltage ¥, using electrical
circuit analysis considering semiconductor
properties by inputting /

(vi) Convergence of V

ﬂ

Fig.8 Flowchart of numerical calculation taking into
account semiconductor characteristics and magnetic
materiall®,
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In this analysis, the dead-time effect is neglected for
simplicity. Therefore, the minimum peak mentioned in
Fig. 7 1is not observed. Moreover, the analyzed
difference of the parallel-connection and the series-
connection is smaller than the experimental results. It
is caused by dead-time effects. Dead-time makes
additional current require on higher carrier frequency.
Therefore, since additional current also becomes three
times in parallel-connection, Von is easy to be affected
by the additional current. It causes the difference of
analysis and experiment.
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Fig. 9 I V characteristics of power semiconductors
and operating points on both connections.
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Fig. 10 Cauer’s equivalent circuit to consider magnetic
hysteresis characteristics.
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Fig. 11 Analyzed on-voltages from each connection (£ =
10 kHz).
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Fig. 12 Analyzed B H curves in ring 1 (£ = 10 kHz).
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Fig. 13 Carrier frequency characteristics of total iron
loss obtained from numerical analysis.

5. Conclusion
The influence of series-connection and parallel-
connection is evaluated from the standpoint of iron loss
characteristics. The on-voltage, the B-H curve, and the
iron loss are obtained by measurement using three ring
cores. Obtained results are shown as follows.

1) On-voltages of each ring core on series-connection
become three times smaller than that on parallel-
connection, because the voltage dividing of
on-voltage is caused by series-connection.

2) Since on-voltage on series-connection is small,
minor loops in magnetic hysteresis which is led by
the on-voltage becomes smaller than parallel-
connection.

INDEX

3) Since minor loops of series-connection is small, iron
loss on connection 1s smaller than
parallel-connection.

4) These results are also corroborated by the numerical
analysis taking into account both of the magnetic
hysteresis property and the semiconductor property.

series-

According to these results, in order to reduce the iron
losses, multiple loads should be connected in series
when they are driven by one inverter.
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