APSAEMO6

Journal of the Japan Society of Applied Electromagnetics and Mechanics Vol.15, Supplement (2007)

High Temperature Superconducting Energy Storage Techniques

Jian Xun Jin', Zheng Guang Wang', You Guang Guo” and Jian Guo Zhu?
'Center of Applied Superconductivity and Electrical Engineering,
University of Electronic Science and Technology of China, China

*Faculty of Engineering, University of Technology, Sydney, Australia

With the development of applicable high temperature superconducting (HTS) materials,
energy storages made using the HTS materials become available for practical applications. The
HTS energy storage operational principles, techniques and their applications are summarized

and analyzed in this paper.
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1. Introduction

Superconducting  energy storages typically
include: (i) SMES, which stands for Super-
conducting Magnetic Energy Storage, and (ii)
SFWES, which stands for Superconducting
Flywheel Energy Storage.

A SMES stores energy in the magnetic field
created by a DC current flowing through a super-
conducting coil and released when it is required. A
typical SMES system includes a superconducting
coil or magnet to store energy, an AC/DC converter
to interface between the superconducting coil and
the electric power network, a protection system for
the superconducting coil and the AC/DC converter,
a cooling system for the superconducting coil and an
automatic controller to coordinate the system
operation. In the recent 30 years, SMES technology
is one of the very active research areas especially
after the high temperature superconducting (HTS)
materials were discovered in 1986.

A typical SFWES energy storage device mainly
consists of HTS levitators and permanent magnets
for friction-free bearing, and a reciprocal
motor/generator component for electrical energy
conversion. It is an integrated system of a kind of
building block system.

HTS has been identified as a suitable technology
to develop practical SMES and SFWES [1]-[11].
The HTS energy storage operational principles,
techniques and their applications are summarized
and analyzed in this paper.
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2. SMES

A SMES system is normally consists of a
superconducting coil with a cryogenic system and a
protection system, a power conditioning system and
a controller, as shown in Fig. 1 [12]. The
superconducting coil obtains energy during charging
from the power system, and releases the energy
stored through discharging. The energy stored in the
superconducting coil can be described as follow

E=LI*/2 1)
where L is the inductance of the SMES coil, [ is the
current flowing in the SMES coil. If the SMES coil

discharges with constant power P, within time ¢, the
energy in the SMES coil E(t) at 1<t 18

E(t)=E, - Py @)
When t =¢, =1 and

[ ==L 3)

where v is the voltage across the coil during
discharge.

If the current in the coil drops below I, the system
can no longer discharge with constant power Py.
However discharge may be continued at a reduced
power and this depends on the depth of discharge.
The term depth of discharge A of the coil is

represented as a ratio of deliverable energy £,to
stored energy Es

E, _ R,
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The current at any given time ¢ is obtained from (1)
and (3) as
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L This current depends on the depth of discharge and
 the coil operating voltage. The energy stored at any
E given time ¢ is obtained from (2) and (4) as
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Fig. 1. Components of a typical SMES system

. 3.SFWES

In order to reduce the rotary frictional dissipation,
¥ magnetic suspension bearing systems are generally
L used, which can be divided into the passive magnetic
E suspension bearing (PMB) and the active magnetic
t  suspension bearing (AMB).

Fig. 2 is the principle structure of HTS magnetic
- Jevitation SFWES having following features [13]: (i)
b The superconductor is cooled to the superconducting
t state, and with a permanent magnet PM to form
magnetic suspension. The PM bears the weight of
the energy storage flywheel. (ii) The electrical
i machinery runs by way of motor, and change the
. electric energy into the kinetic energy to store.
Conversely, when the electrical machinery runs by
way of dynamotor, the kinetic energy stored of
flywheel will be changed into the electric energy. (iii)
To reduce the energy lose on the rotary flywheel, the
flywheel and magnetic suspension bearing are
generally put in a vacuum environment. The vacuum
environment is the adiabatic means keeping the low
temperature of the superconductor.

Fig. 3 shows the operation principle of an energy
storage system using the flywheel [14]. A flywheel
energy storage system (FESS) has three work model
(i) Charge - An AC electrical source supplies power
for the flywheel controller, the flywheel controller
controls the electric energy input to make the
flywheel reach the highest working rotational speed.
(ii) Maintaining energy - The flywheel system relies
on the minimum alternating current to import energy
and to keep the flywheel running in the highest

working rotational speed. (iii) Discharge - When
required by the AC power electric side, the flywheel
supplies power, the controller offers incessant power
to its load, the rotational speed of the flywheel drops.

Fig. 2. Scheme of the proposed flywheel
energy storage system

Calculation of HTS levitation force F;., between a
PM and a HTS based on Ampere’s force f'is related
to current density J as

} = jx E (7
Levitation force is given by
Fro = [[[7 av ={fav{ 7 exB)
Ve Ve (8)
= J.J.J‘dV(}ScngMj'f‘ jjjdV(jSCXESCj
Voo
" J.J‘ dV(jscXESC ) =0
VSC
g ;'Lev = '[J.IdV(}SCXZ;PM) ®

Vsc
where V is volume, Vsc is HTS volume, Jgc is
supercurrent density distribution, B is magnetic flux

density, Bpys is PM magnetic flux density, and Bsc is
for HTS.

Electric control and
modulation of
dynamoelectric quality

Electric output

Fig. 3. Principle frame of a FESS
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The basic HTS magnetic levitation SFWES
mainly has following features. If the rotor quality is
m, and with the linear speed of v, the kinetic energy
Eis

E:Emvz (10)
Rotary inertia / is
- 1= [rPdm (11)
1.
and E =§Ia) (12)

where @ is angular speed, and r is rotor radius. This
is the energy that the flywheel is stored. In addition,
the function of uneven moment M, stands for the
quality of the flywheel rotor, is the main reason
which the rotational speed of the flywheel changes,
and the relation is

do (13)
dt

When the rotary direction of torque of M is same to
the direction of flywheel, M is turning forward, the
flywheel is accelerated and stores the kinetic energy.
When the rotary direction of torque of M is opposite
to the direction of flywheel, M is reverse at this
moment, the flywheel is decelerated, release the
kinetic energy. The energy stored and released is

M=1

1
E :—i-](wriax _wiin) (14)
If loss is neglected, its density of power is
dE :
P=——=ii@—)=Mw (15)
dt  2xdt
Energy stored per unit weight of the flywheel is
e=E/m=9.8xK, Xxo,/p (16)

where K, stands for the flywheel shape coefficient,
O, stands for the permitted stress of the material, p
stands for the material density. Quality energy

density is e, = E/m = K (0,/p); volume energy
density is e, = E/V =K 0, ; and performance -
price ratio is e, =E/C=KS(O'b/Cp), where C
stands for the unit quality price, K stands for the
flywheel shape coefficient (K;<1). According to the
formula above, the flywheel material is better to
have bigger oy/p. Usually oyp of carbon fibre
materials is higher than other materials, and is
generally selected at present. The energy density of

present flywheel systems can reach 20 Wh/kg, the
density of power can reach 5 kW/kg.
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4. Control Technology

Power conditioning systems (PCS) are the
interface from the SMES coil to power systems,
generally there are two types: current source
converter (CSC) PCS as shown in Fig. 4 and voltage
source converter (VSC) PCS as shown in Fig. 5. The
configurations of CSC-PCS and VSC-PCS have
been introduced [15]. The control strategies of PCS
are such as (i) Phase-shifting sinusoidal pulse width
modulation SPWM technology, and (ii) Non-linear
robust control and fuzzy control.
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Fig. 4. Voltage source converter of PCS
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Fig. 5. Current source converter of PCS

The SFWES magnetic bearing control system can
be made using a displacement sensor, controller,
power amplifier and electric magnet as shown Fig. 6.

Displacement
quantity

HRutnr l——*

Positional
reference

—_— Control Power Electric
-4 lamplifier magnet

Displacement
sensor

Displacement
switch

Fig. 6. The scheme of SFWES single channel control loop

5. Conclusion

HTS energy storage operational principles,
techniques and their applications have been
summarized and analysed. As shown in this paper,
the HTS energy storage techniques have advantages
for use in electrical power systems for improving the
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‘,ower system operation capability and efficiency
f with power energy controls and improving the
-power system stability; and the technologies can be
 practically developed by using well developed HTS
| materials,
. SFWES technology becomes suitable for practical
 applications with the special HTS advantages which
;, mormal techniques can not provide.
~ SMES technology was promoted and made great
 progress. Compared to another method of energy
. storage device, SMES has much better performances,
L firstly, the current density of SMES coil is about 10
or 100 times lager than the common coil, and the
I SMES coil carrying current operates at cryogenic
L ®emperature having virtually no resistive losses.
¢ Consequently, the energy can be stored in a
L persistent mode, until required to release. Secondly,
i the effective of SMES can get up to 95 % with
i energy exchange with power system within
* milliseconds, and SMES can be readily controlled.
i With the development of electronic technology,
} SMES can successfully enhance power system
 stability and improve the power quality through
. active and reactive power compensation. The major
. benefits of HTS SMES are: (i) High energy-storage
efficiency, (ii) Fast energy charge (in a few
L milliseconds) and discharge capability, and (iii)
E Independent controllability of active and reactive
power. In electric power industry, SMES systems
can be used for load levelling, system stability
enhancement, and fluctuating load compensation.
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A Phase Variable Model of Flyback Switching Converters Based on Numerical
Magnetic Field Analysis Coupled With External Circuits
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This paper presents a fast and accurate phase variable model of flyback switching converters.
A modified dynamic circuit model of high frequency transformer, capable of including the
effect of all types of core loss, is adopted. The dynamic differential inductances of the
transformer are obtained based on nonlinear finite element magnetic field analysis. The
developed phase variable model is implemented in Matlab/Simulink through variable
inductance and variable core loss equivalent resistance to account for the winding current and
voltage dependence. With this model, anomalous loss and natural output curve of flyback
switching converters are investigated. This model has been applied to analyze an existing
flyback converter and simulation results prove its practical merit and high effectiveness.

Key Words: Phase variable model, Flyback switching converter, Anomalous loss, Differential

inductance, Finite element analysis.

1. Introduction

Because of its simpler structure than other types
of switching mode converter, the flyback converter is
commonly used as small power converter. To predict,
assess and optimize the performance of flyback
converters, a generalized dynamic simulation model
for the behavior of flyback converters would always
be useful. The flyback converter is composed of a
transformer and external circuits, so the key issues
for investigating its performance are the transformer
modeling and the coupling between the transformer
and external circuits.

As an accurate model, the transformer model
must account for the nonlinear inductance and
influence of all kinds of magnetic core loss. A
generalized dynamic ladder network circuit model of
high frequency transformer has been introduced in
[11, [2] and the circuit model with one level of ladder
network is shown in Fig. 1. Based on this model, this
paper presents a more suitable model for the
transformer as shown in Fig. 2. Due to the nonlinear
magnetization property of soft magnetic cores, the
differential inductance, L, varies with winding
current, is obtained by nonlinear FE analysis. Using
this winding current dependent parameter, a phase
variable model of flyback converter is developed.
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123, Broadway, NSW 2007, Australia,
email: youguang@eng.uts.edu.au.
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In order to connect the transformer model and
external circuits, the port voltage of each winding of
transformer must be measured. A hybrid simulation
model with two levels is built here. An adjustable
differential inductance component is developed to
represent the inductance dependence on the winding
current. An adjustable core loss equivalent resistance
component is also developed to represent the
resistance dependence on the voltage across the
inductance, L,. By running this model in the
Simulink environment, the comprehensive
performance of a flyback switching converter could
be obtained.

2. Modified Dynamic Model of High Frequency
Transformer in Flyback Converters

2.1 Modified circuit model of transformer

The model shown in Fig. 1 is capable of
considering hysteresis loss, eddy current loss,
anomalous loss and distributed capacitance. In the
figure, R, is the nonlinear equivalent resistance of
anomalous loss, R, is the equivalent resistance of
eddy current loss, L, is the nonlinear differential
inductance which has accounted for the effect of
hysteresis loss, Rr and Lps are the resistance and
leakage inductance of the primary winding, R %, and
L% are the equivalent resistance and equivalent
leakage inductance of the secondary winding,
respectively. The stray capacitance, C,, can be
obtained by experiment [2].
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Since the soft magnetic cores used in flyback
¢ converters, such as TDK-PC40, have high electrical
' resistivity and narrow B-H hysteresis limiting loop,
| the skin effect, hysteresis loss and eddy current loss
I can be omitted. The main core loss is the anomalous
t loss, and the level number of the ladder circuit can
i be decreased to one as shown in Fig. 2. Considering
the RCD (resistor, capacitor and diode) snub circuit
- in flyback converter has the similar function as the
- stray capacitance and the output power of the third
- winding is small, a modified dynamic circuit model
of flyback switching converters is built and shown in
Fig. 2.

Fig. 1. Dynamic circuit model of transformer

Rl il Z'1:»

Fig. 2. Modified dynamic circuit model

2.2 Differential inductance

The winding differential inductances are
calculated by the following steps: (1) For a given
winding current, i, a non-linear field analysis is
carried out to find the flux density in the core; (2)
When the flux densities in two consecutive time
steps (e.g. the k-th and (k-7)-th steps) are obtained,
the differential inductances can be calculated by

dy(k) _ , Bk)—Bk-1)

L= G =" S

(1)

where A4 is the cross-sectional area of transformer
core, n; is the number of turns of the primary
winding, and B is the flux density.

From (1), the differential inductance at different
winding currents can be obtained and shown in Fig.
3. The leakage inductances, L;; and L%, can be
assumed as constant.

08 o

Lw(mH)

06 o

0.4 o

0.2 4

Fig. 3. Differential inductance with different
winding currents

2.3 Consideration of anomalous loss

The anomalous loss P, of magnetic core can be
obtained by [1]

3/2

dB
dr

a a

@

where C, is the coefficient of anomalous loss.

Fig. 4 illustrates the core loss curves of FP40
provided by the manufacturer. By curve fitting, C,
can be obtained.

FPhB s / J(
10* ':‘ o
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T% /, / 2 % s
= LA e |
§ 7, 7 »Z [ AT ,1
— 4
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glﬂ' > — = i 7=
N 4 - pA—
4 7 7
ll ', // ,l'
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s = 25T
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80 §00

100 200
Flux Density BimT)
Fig. 4. Core loss curves of soft magnetic core - FP40

For a transformer with symmetrical structure,
considering that the voltages across R; and L;s or
R % and L% are very small comparing to U; and U?,
the following equations can be obtained:

_ ("

R, v PwMm=0N 3)
3/2

R <UD " pg - oFF )
Cw

a

where w is the mass of the core.
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2.4 Phase variable model

The phase variable model for the transformer of
flyback switching AC-DC converter is given as

. di di
U, = (R, +L15d—t1 Ly (5)
di, di
U,=-[(Ryis+ L, —2)+ L, — (6)
2 [( 275 2 2s dl d[]
i=i1+i;—Lm%/R; (7)

where L, L, and L% can be obtained from the
nonlinear FE solutions, in which the saturation effect
is considered, and R, which relies on the voltage
across L, is obtained from (2)-(4).

3. Dynamic Simulation Model for Flyback
Switching DC-DC Converters

Based on the analysis and circuit models obtained
in Section 2, the hybrid dynamic simulation model

for flyback switching DC-DC converters is built. It
has two level structures: the top level is a digital
system instituted by all the switching parts and some
other pure parts with switching characteristic, and
the second level is a continuous system instituted by
all passive components.

3.1 Simulation model of transformer

According to (2)-(4), the anomalous loss
coefficient C, and the equivalent loss resistance R,
can be obtained. C, is determined as 5 x 10°. R
relies on the winding current and voltage and its
corresponding simulation block is a MATLAB
function. The differential inductance L, can be
obtained by the method of look-up table, in which
the data of differential inductance versus current
have been preset. As there is a RCD circuit in the
primary winding, the stray capacitance of Cj,. can be
omitted here. Fig. 5 shows the simulation model of
transformer considering anomalous loss and
differential inductance.

P {

3.2 Pulse width modulation (PWM)

According to the principle of flyback switching
converters, the PWM state is decided by

PWM "' =(CLK T +PWM ") @)

& (VCB"+UVP"+OCP ")

where VCB is the logical state of output voltage,
which is true when the output voltage is larger
than the rated, otherwise false; UVP is the logical
state of UC3842, which is true when the UC3842
works and produces a PWM signal, otherwise
false; OCP is the logical state of over current
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protection, which is true when the UC3842
operates in the over current protection mode,
otherwise false; and CLKT is the rise of time
clock. The corresponding simulation model is
shown in Fig. 6. Based on (1)-(8), the complete
simulation model of flyback converter is obtained.

4. Simulation of an Existing Converter

The simulation model is applied to analyze an
existing flyback DC-DC converter, as shown in
Fig. 7. The major parameters include: input
voltage of 102-370 VDC, nominal output voltage
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iof 5 VDC, rated output current of 3.6 A, and
 switching frequency of 60 kHz. The transformer
- s E25/FP40. By using the proposed model, some
| performances of the converter are obtained.

t  Fig. 8(a) illustrates the simulated operation
| process of the converter with the rated load when
L ¥,=102 VDC, and Fig. 8(b) plots the enlarged
i steady state. The simulation results show that the
¢ basic nominal requirements of the converter can
[ be met. According to Figs. 9 and 10, it can be
i seen that when the input voltage rises, the output
' capacity and anomalous loss increase if the output
keeps constant, e.g. the rated load.

Vout
+
T3]

Vref
!

Gate Drive — Feed back
Circuit [~=>=--- —-----n Circuit

(a) Compsete process (b) Steady process

Fig. 8. Simulation results by using the phase variable
transformer model with the rated load.
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Fig. 9. Natural output curves of flyback converter at
different input voltages.
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Fig. 10. Anomalous loss at different input voltages

5. Conclusion

This paper presents a generalized dynamic
model for flyback switching DC-DC converters.
In this model, a modified phase variable
transformer model and several important factors
are taken into account. The systematic method to
build the hybrid model - system switching state
based on time sequence is also introduced. The
proposed simulation model is implemented in
MATLAB/Simulink and applied to analyze an
existing flyback DC-DC converter. The model is
verified by the simulation results.
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Comprehensive Performance Evaluation of a High Speed Brushless DC Motor
Using an Improved Phase Variable Model
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This paper presents the performance evaluation of a high-speed surface mounted PM
brushless DC motor by using an improved phase variable model. Magnetic field finite element
analyses are conducted to accurately calculate the key motor parameters such as air gap flux,
back electromotive force and inductance, and their dependence on rotor position and magnetic
saturation. Based on the numerical magnetic field solutions, a modified incremental energy
method is applied to effectively calculate the self and mutual inductances of the stator windings.
In order to evaluate the comprehensive performance of the motor, especially the motor output at
high-speed operation, which is affected by the dynamic inductances, an improved phase variable
model is derived to simulate the motor performance. In the model, the rotor position dependence
of key parameters is taken into account. The motor prototype has been constructed and tested
with both a dynamometer and a high-speed embroidery machine, validating successfully the
theoretical calculations.

Key Words: BLDC motor, Performance evaluation, Finite element analysis, Improved phase

variable model.

1. Introduction

High speed permanent magnet (PM) motors with
brushless DC (BLDC) control scheme have found
wide applications in industrial and domestic
appliance drive market because of their advantages
such as high efficiency, high power density and high
drive performance [1]-[3]. This paper presents the
performance analysis of a surface mounted PM
BLDC motor for driving high-speed embroidery

machines by using an improved phase variable model.

In the design of the motor, magnetic field finite
element analysis (FEA) was conducted to accurately
calculate key motor parameters such as air gap flux,
back electromotive force (emf), and inductance, and
cogging torque, etc. Based on the numerical
magnetic field solution, a modified incremental
energy method is applied to effectively calculate the
self and mutual inductances of the stator windings.
The rise rate of armature current is limited by the
winding inductances, and this may affect the output
performance of the motor, especially when operating
at high speed. Therefore, it is necessary to investigate

Correspondence: Youguang Guo, Faculty of
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123, Broadway, NSW 2007, Australia,
email: youguang@eng.uts.edu.au.
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whether or not the motor can reach the required
electromagnetic torque and speed at a given voltage.
Based on [4], an improved phase variable model [5]
is developed and implemented in the
Matlab/Simulink environment for evaluating the
motor’s dynamic and steady state performance. In the
model, the real waveforms of back emf and
inductances are taken into account.

The developed motor prototype has been
fabricated and tested with both a dynamometer and a
high-speed embroidery machine. Experimental
results verify the theoretical analyses.

2. Motor Structure and Major Dimensions

Fig. 1 illustrates the magnetically relevant parts
of the motor prototype. The laminated stator has 12
slots, in which the three phase single-layer windings
are placed (not shown for clarity). The rotor core and
shaft are made of solid mild steel, and four pieces of
NdFeB PMs are mounted and bound on the surface
of the rotor. The stator core has an inner diameter of
38 mm, outer diameter of 76 mm, and axial length of
38 mm. The main air gap length and the height of
PMs along the radial magnetization direction are
chosen as 1 mm and 2.5 mm, respectively. The |
motor is designed to deliver an output torque of 1.0
Nm at a speed of not less than 5000 rev/min.
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Stator core

PM

Shaft

Rotor core

Fig. 1. Cross section of a PM BLDC motor

3. Parameter Computation
3.1 Winding flux, back emf, and cogging Torque

Magnetic field FEA can take into account the
detailed structure and dimensions of the motor and
the non-linearity of ferromagnetic materials, and
hence can accurately compute the motor parameters
and performance [6]. Fig. 2 illustrates the plot of
magnetic flux density vectors at no-load at =0°, i.e.
the rotor position shown in Fig. 1. From the no-load
field distribution, the PM flux (defined as the flux of
one coil produced by the rotor PMs), back emf of
one phase winding, and cogging torque can be
determined. The curves of these parameters against
the rotor angular position or time can be obtained by
a series of magnetic field FEAs at different rotor
positions. Fig. 3 shows the no-load flux linking a
coil (two coils form a phase winding) at different
rotor positions. By applying the discrete Fourier
transform, the magnitude of the fundamental of the
coil flux was calculated as ¢;=0.543 mWb, and the
emf constant can then be determined as 0.2457
Vs/(mech rad), by

K, =E2N 4 1)

2 2

where p=4 is the number of poles and N,=320 the
number of turns of a phase winding. The torque
constant can be obtained by K=mKpg, where m=3 is
the number of phases.

From the no-load magnetic field distribution, the
cogging torque curve can also be calculated by the
Maxwell stress tensor method, or the virtual work
method. It was found that the cogging torque of this
surface-mounted PM motor is very small with a
maximum value of 0.014 Nm.

Fig. 2. Plot of no-load magnetic flux density vectors
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Fig. 3. PM Flux per turn versus rotor angle

3.2 Winding Inductance

The behavior of the motor equivalent electrical
circuit is dominated by the incremental inductance
rather than the apparent inductance. In this paper, the
winding incremental inductances are calculated by a
modified incremental energy method [7], which
includes the following steps: (1) For a given rotor
position ¢, conduct a non-linear field analysis
considering the saturation due to the PMs to find the
operating point of the motor, and save the
incremental permeability in each element; (2) Set the
remanence of PMs to be zero, and conduct linear
field analyses with the saved permeabilities under
perturbed stator current excitations, i.e. assigning the
3 phase winding currents as (igipi) = (AL,AL0),
(AL,0,A0), (0,ALLAD), (Ai0,0), (0,0,Ai), and (0,A7,0),
respectively; (3) Calculate the magnetic co-energy
for each current excitation; and (4) Calculate the
incremental inductances by

1(6)=1,(6)=1L_(6)= 2A00.0) 5y
(Ai)
L, (6) =L, (9)
(41,400,6)- ,(0,01.0,6)-W,(8100.6) 2)

(as)
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L,(6)=L,(6)
_ W.(0,Ai,Ai,0)-W,(0,Ai,0,6)-W,(0,0,Ai,6)
(i)’

(2¢)

L,0)=L,(0)
_ W.(4i,0,Ai,6)—-W,(0,0,Ai,6)-W,(Ai,0,0,6)
(ary
Fig. 4 shows the calculated self and mutual
incremental inductances at different rotor positions.

2d)

16.0  Inductance (mH)
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Fig. 4. Winding inductances versus rotor angle

4. Improved Phase Variable Model

The equation-based phase variable model of
BLDC motor is given as

L AW,
Vabc = rabclabc + Tb + eabc (3)
‘//abc = Labciabc (4)
T = ey Hehy e, T, )
a)r
do,
J—L=T —Bw. -T, 6
dt m r L ( )
Lab :Lba’ Lbc =ch’ Lca =Lac’ ra :rb =rc (7)
i +i,+i =0 (8)

All above variables are used as their conventional
meanings. The profiles of La. €am and T, are
obtained from the nonlinear time-stepping FEA
solutions, in which the rotor position dependence
and saturation effect are considered.

For dynamic performance evaluation, compared
with an equivalent electric circuit model, the
nonlinear time-stepping magnetic field FEA can give
accurate results but is more time consuming. A
phase variable model of BLDC motor based on FEA
coupling with external circuits, which behaves much
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faster with the same level of accuracy, has been
introduced and verified in [4]. However, the
equation-based model cannot be applied to BLDC
motors directly, so an additional model composed of
several circuit components has to be employed.

In [5], we proposed a pure mathematical method
to work out the central point potential (voltage) of
the Y-connected three phase symmetrical windings,
so that the port voltages of all phase windings in
both energized and non-energized conditions can be
estimated. In this way, the improved phase variable
model can be directly applied to investigate the
performance of BLDC motors.

5. Performance Simulation and Validation

The basic design requirement for the motor drive
system is that for an output torque of 1.0 Nm, the
steady-state speed should be no less than 5000 rpm
when the inverter DC bus voltage is ;=310 VDC.
By using the proposed model, the motor drive
system is simulated under these conditions and some
of the results are plotted in Figs. 5-8, showing that
the motor can meet the design requirements.

Fig. 5. Simulated steady performance
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Fig. 6. Curve of steady speed versus output torque
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Fig. 7. Curve of motor efficiency versus output torque

Fig. 8. Speed curve during start-up with 7;=1.0 Nm
and V;,=310 VDC

The designed motor has been fabricated and
successfully operated with a brushless DC control
scheme. Experiments have been conducted on the
prototype. The back emf, for example, was measured
at different rotor speeds and the experimentally
determined emf constant is 0.2464 Vs/rad, which is
very close to the theoretical value. Other parameters,
such as the inductances and torque/speed curves are
also in substantial agreement with the theory.

6. Conclusion

This paper presents the comprehensive
performance evaluation of a high-speed permanent
magnet brushless DC motor by an improved phase
variable model, which is implemented in Simulink
surrounding. The rotor dependence and magnetic
saturation effect on key motor parameters such as
back emf and inductances are considered.

For accurate computation of the motor
parameters, nonlinear time-stepping finite element
magnetic field analysis is performed and improved
formulations, e.g. a modified incremental energy
method for calculating the self and mutual winding
inductances, are employed.

The motor has been constructed and tested with a
brushless DC control scheme, validating the
theoretical design and analysis.
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A Permanent Magnet Synchronous Motor Model with Core Loss

Ying Yan, Jianguo Zhu and Youguang Guo
Faculty of Engineering, University of Technology, Sydney, Australia

This paper presents an improved model of permanent magnet synchronous motors (PMSMs)
considering core losses. The core losses of a surface mounted PMSM were measured at no-load
and load, and the analysis on experimental results shows that the core losses in a PMSM can be
attributed to the components produced by the rotor permanent magnets and the stator currents.
The conventional equivalent circuit model of PMSM with core loss can account for the former
but not the latter, and therefore, an additional core loss resistor is required to account for the
additional core loss component due to the armature reaction. The nonlinear resistance for the
no-load core loss is explained from the core loss model of magnetic materials. The method to
determine these core loss resistances from the no-load and load tests is also presented. The
relation between the core loss components and the corresponding resistors is clearly
demonstrated by the analysis of experimental results.

Key Words: Permanent magnet synchronous motor model, Core loss

1. Introduction

The permanent magnet synchronous motor
(PMSM) can be a serious competitor to the
conventional DC and induction motors in servo
applications due to its high power density, torque to
current ratio, and efficiency. The model of PMSM is
concerned by many researchers because it is
important in motor performance analysis and drive
system design. In addition, the performance of a
PMSM drive system is considerably influenced by
the accuracy of the model.

The core loss or iron loss, caused by the
permanent magnet (PM) flux and armature reaction
flux, is a significant component in the total loss of a
PMSM, and thus, it can have a considerable effect
on the PMSM modeling and performance prediction.
This paper proposes a model of PMSM taking into
account the stator core losses. No-load and load tests
were carried out to determine the total core and
mechanical loss of a PMSM, which was then
separated by fitting the experimental resulits to their
physical models. The relationship between the core
loss resistor R.; and the internal voltage V; is
estimated by the curve fitting of the no-load results.
With the load test results, the conventional PMSM
model is modified by adding an extra resistor, R, to
account for the effect of armature reaction on the
core loss. The values of R,, are determined by the
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analysis of the PMSM operational states. Finally, the
modified equivalent circuit and the core loss
mechanisms are discussed.

2. Experimental Study of Core Losses in PMSM

The core losses of a surface mounted PMSM
were measured with and without load. In order to
obtain the core loss, some electrical and magnetic
parameters of the motor, such as the magnetizing
flux linkage produced by rotor PMs, stator winding
resistance and inductances are required. Experiments
are firstly conducted to measure these parameters.

The magnetizing flux linkage A, is obtained by
measuring the phase voltage by the open circuit test,
and the synchronous inductance L,,, is measured by
the short circuit test. In order to find out the leakage
inductance L;, the mutual inductance, L,, between
different phases is measured by exciting one of the
three phases of the motor. The experimental results
are: A,= 0.118 Wb, L;,,= 12.8 mH, L,, = 3.29 mH.
The stator winding resistances at various
temperatures are measured by the V-A method in an
environmental chamber. The relationships between
the phase resistances and motor temperature are
obtained as: Ry = 1.579(1+0.0040337), R, = 1.584
(1+0.004017T7), and Ry = 1.602(1+0.0039467),
where T is the temperature in Celsius.

2.1 No-load test

The test system for measuring the core losses
contains the PMSM and a DC motor coupled with a
torque meter. The PMSM, as a generator, is driven
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by the DC motor at various speeds by adjusting the
armature voltage of the DC motor. Through a power
flow analysis, the following power balance equation
can be obtained

P =P, +P+P .+P

mech out (1)
where the input power P,,= T,,@., T, is the measured
shaft torque, @, the angular speed, and the copper
loss Pc, = ZFR. Under no load, the output power P,,,
= 0, and therefore, the sum of the core loss P, and
mechanical loss Py, can be obtained by P.+Peer =
Pi-Pcy-P,,. Fig. 1 shows the experimental result of
(Po+Ppecn) versus rotor speed in rpm.

2.2. Load test

Further experiment is carried out to investigate
the core loss of a PMSM operated as a generator
with different load currents. The test system is
similar to that for the no-load test. Various resistive
loads, such as 20, 30, 40, 50, 60, 75, 90, and 110 Q,
are connected to the PMSM, respectively. The
experimental results of mechanical and core losses at
various loads are also illustrated in Fig. 1.

120

:R of 110
Rof %0
© T =—Rof75 /
-8R of 60
~#-R of 50
=8-R of 40
T ==Rof30
=R of 20
=5=No_load

Pmech+Pcore (W)
o
S

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Rotor Speed (rpm)

Fig. 1. (P.+Pe;) measured by no-load and load tests

3. Conventional Core Loss Models
3.1 Core losses in magnetic materials

In a soft magnetic material, the total core loss P,
can be separated into hysteresis loss P, and eddy
current loss, which in practice can be calculated in
terms of the classical eddy current loss, P,, and the
anomalous loss, P,, and can be expressed as follows

(1], [2]-

E=F+F+F, (2)

Under the excitation of a circular rotating field in
the steady state, it can be expressed as
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P.=P,+2C,(fB) +C,(/B)" 3

where B is the peak value of the flux density vector,
f'the frequency, C, and C, are the coefficients which
can be determined by experiment, and P, the
rotational hysteresis loss.

3.2 Conventional model of PMSM with core losses

Among the power losses in a PMSM, the core
loss P, is a significant but difficult component to
determine. Fig. 2 illustrates a per-phase equivalent
circuit of PMSM commonly used to account for the
core loss [3], [4].

v e
I
Vv Vi [R[Jf. o

Fig. 2. Per-phase equivalent circuit with core loss

3.3 Curve fitting of experimental results under no-
load condition

The mechanical loss and the core loss measured
under no-load can be separated by the following
method. The mechanical loss is generally a function
of the rotor speed, and can be expressed as P =
a,w,+aw,’+ aw,’, where a;, a,, and a; are constant
coefficients. The core loss, on the other hand, can be
related to the internal voltage ¥, which is
proportional to the product of frequency and
magnetizing flux linkage, i.e. fi,, or fB since 4, is
proportional to B. Therefore, considering (3) and Py,
= Ch/Bh, where 4 is a constant, we have

3
VI CVE OV b aw, + a0} + a0

)

The coefficients in (4) can be determined by the |
least square curve fitting of the experimental results,
and hence the mechanical and core losses can be |
mathematically separated. From the no-load test }
results in Fig. 1, these coefficients are determined as: |
Cy = 1.00x10% h = 1.8, C,]1.582x10°, C, = |
3.795x10%, a;= 1.516x10", a,= 2.727x10”, and a;
= 6.075x107. Fig. 3 plots the separated core and i
mechanical losses versus rotor speed.

P+P, . =

mech —




HARAEMZ 45

Vol.15, Supplement (2007)

——Pc

— Pmech .

= Fitting {Pc+Pmech)
o Testing (Pc+Pmech)

0 200 400 600 800 1000 1200 1400 1600
Rotor speed (vev/min)

1800 2000 2200

Fig. 3. Separation of no-load mechanical and core losses
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Fig. 4. Core loss resistance versus speed

The core loss resistor R, is then calculated by

2
R = 3V% (5)

using the core loss obtained by the loss separation
procedure, and the result is plotted in Fig. 4.

Since the motor flux density and rotor speed are
reflected by the internal voltage V; under the no-load
condition, R. can be expressed as a function of V.
As it varies significantly with respect to the flux
density distribution in the motor, which affects V,
the core loss resistance R, cannot be regarded as a
constant.

4, Core Loss Model of PMSM with Load

When the PMSM is loaded, the field distribution
is distorted by the stator currents, which generate an
extra component of core loss as illustrated by the
experimental results in Fig. 1. To account for the
core loss component due to stator currents, an extra
resistor R., was added to the per-phase equivalent
circuit, as shown in Fig. 5 [4].

2
|

—
I

Va Vi}c’[]c Ea(ny

Fig. 5. Per-phase equivalent circuit considering core loss

In order to calculate the core loss resistor R,;, the
additional core loss component P, caused by
armature reaction is obtained by subtracting the
mechanical and core losses under no-load from those
losses measured in the load testing. From the
equivalent circuit shown in Fig. 5, we have

V,=E,cos0+ jE, sind -V, (6)
E,=oA, (7

2
R, :3V%2 @®)

where V,, = V, — E, is the voltage across R, w the
rotor speed in electrical rad/s, and ¢ the load angle.
By neglecting the stator resistance, the load angle
can be approximately estimated by

sing = Lo s 9)
EV

where P.,, is the electromagnetic power obtained by
subtracting the mechanical loss from the input power,
and X the synchronous reactance.

Fig. 6 plots the additional core loss, P, at
different 7,, and rotor speeds, and Fig. 7 the
calculated R., with respect to V,, at different speeds.
It is shown that both the additional core loss, P.,,
due to the armature reaction and the corresponding
resistor, R.,, are proportional to V,, and independent
of the rotor speeds.

Pc2 (W)

—e—2000rpm _|
—a—1500rpm

—a—1750rpm —
—w—1250rpm
—=— 1000rpm

0 5 10 15 20 25 30 35
V2 (V)

Fig. 6. Measured P,; versus V,, at different rotor speeds
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Fig. 7. R, versus V,, at different rotor speeds

5. Discussion

In a PMSM, the total flux is composed of the
fluxes produced by the rotor PMs and the stator
currents. The finite element magnetic field analysis
reveals that the magnetic field produced by the rotor
PMs is distorted by the stator current flux, to some
degree, and the distortion effects, such as saturation
and demagnetization, vary with the stator current
and rotor position. On the other hand, the load
testing results show that the additional core losses
caused by the stator flux cannot be simply
represented by the variation of the internal voltage.
This can also be observed from Figs. 6 and 7 as the
variation of internal voltage, V;, does not have effect
on the additional core loss component and the
corresponding resistance.

6. Conclusions

As revealed by the analysis of the experimental
results of the no-load and load tests, the core loss in
a PMSM can be attributed to the components
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produced by the rotor PMs (the no-load stator core
loss) and the stator currents (the additional core loss
component under load). The conventional equivalent
circuit model of PMSM with core loss can account
for the former but not the latter, and therefore, an
additional core loss resistor is introduced to consider
the addition core loss component due to the armature
reaction. The nonlinear resistance for the no-load
core loss is explained from the core loss model of
magnetic materials. The method to determine these
core loss resistances from the no-load and load tests
is also presented. The relation between the core loss
components and the corresponding resistances is
demonstrated by the analysis of experimental results.
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Improved Phase Variable Model and Field-Circuit Coupling Method for
Performance Analysis of High Speed PM Brushless DC Motor

Jiaxin Chen'?, Youguang Guo® and Jianguo Zhu?
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This paper presents an improved phase variable model and field-circuit coupling method to
evaluate the comprehensive performance of brushless DC (BLDC) motors in both steady and
dynamic conditions. In the proposed model, major motor parameters such as inductances, back
electromotive force and cogging torque are obtained based on time-stepping nonlinear finite
element analyses. The phase variable model is built and implemented in the
MATLAB/Simulink through look-up tables to decide the rotor position dependence of the
parameters. Furthermore, a mathematical method is proposed for determining the central point
voltage of the Y-connected three phase windings, so that the model can obtain the input voltages
of both energized and non-energized phase windings, and can be directly applied to BLDC
motors. By using the developed model, the comprehensive performance of a high-speed surface
mounted permanent magnet BLDC motor prototype is investigated.

Key Words: Improved phase variable model, Field-circuit coupling, BLDC motor, Performance

evaluation.

1. Introduction

Thanks to the advantages such as high efficiency,
high power density and high drive performance,
permanent magnet (PM) brushless DC (BLDC)
motors have been widely applied in industrial and
domestic appliances [1]. As a crucial part in the
electrical driving system design, a fast and accurate
model for predicting, assessing and optimizing the
performance of BLDC motors would be always
useful.

For performance evaluation, compared with an
equivalent electrical circuit model, the time-stepping
nonlinear magnetic field finite element analysis
(FEA) can provide accurate results but is more time
consuming. A phase variable model of BLDC motor
based on FEA and coupled with external circuits,
which behaves much faster with the same level of
accuracy, has been introduced and verified in [2], [3].
In the model, the inductances, back electromotive
force (emf) and cogging torque were obtained by
nonlinear FEA. However, the equation-based model
cannot be applied to BLDC directly and a model
composed of several circuit components has to be
employed. To solve this problem, a pure mathematic
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method is proposed in this paper. By using the
method, the central point potential (voltage) of the Y-
type three phase windings can be worked out, so that
the port voltages of three phase windings can be
obtained and the model can be directly applied to
BLDC motors. The theoretical procedure is given in
detail.

The improved phase variable model has been
implemented in the Simulink environment and used
to analyze the performance of a high-speed surface
mounted PM BLDC motor for driving embroidery
machines [4]. In the model, key motor parameters
such as winding flux, back emf, inductance and
cogging torque are accurately determined based on
magnetic field FEAs, which can take into account
the details of motor structure and dimensions and the
nonlinear properties of ferromagnetic cores. The
simulations agree with the experimental results on
the motor prototype operated with the BLDC control
scheme.

2. Equation-based Phase Variable Model

The equation-based phase variable model of
BLDC motor is given as

: dy
vV, = +—dbe 4 1
r, i i €e 1)

abc abc’abc

=L, @

abc

l//abc
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i i i,,b - i L dl, dly, dL, i o (5)
‘ba bb be Z d0 de dB .b p r
Lca ch Lcc dlc % _d_lﬁ @ -IC
dt dg dé deé |
di, |
va ra 0 O lu Laa Lab Lac gt
vy |=10 1 Ol |+ L, Ly L, ﬁ
vc O 0 rc lc Lca ch Lcc dlC
dt |
[dL,, dL, dL, |
529 acéé’ 6?29 i, e,
+ ba bb be : w e
a6 do ao |*\"7 |7 ©
dL, dL, dL, | i
| d8 d6 4o |

Lab = Lba ’ Lbc = ch ’ Lca = Lac (7)

v,=r=r,

®)

i,+i+i.=0 )
where L. is the inductance matrix and the
difference between apparent and differential
inductances is ignored here, ¥, (j=a,b,c ) is the flux
linkage of phase winding j, and p is the number of
pole-pairs. The rest of parameters are used as their
conventional meanings. The profiles of L., €. and
T.. are obtained from the nonlinear transient FE
solutions, in which the rotor position dependence
and the saturation effect are considered. The stator
windings are three-phase symmetrical.

3. Calculation of the Central Point Voltage

Suppose the electrical potentials (voltages) of
terminals a, b, ¢ and N (the central point) are U,, U,
U, and Uy, respectively, one can obtain

va Ua _UN
5 |=| Us =Uy (10)
vc (Jc —UN
Then
Z(U g j)
U, = f“3— (11)
Substituting (6) into (11) and considering (9), the
central point voltage is expressed as

U, ~(L, +L, +L.) % Ayt L ¥ L)

i,w)

U, = ; dé
. W, - (L, +L,+L b) d’b AL, +dL;” ) i,
3
(U, ~ L+ L + 1) 2 - At I VL),
+ dt de
3
_ [ea (0) + ) (6) +ec(9)] (12)

3

The values of U, U, and U, are determined by the
switching state of inverter with three phases, the
state of PWM and the phase currents. When one
phase current, e.g. i, of phase a, is zero, and the
associated circuit is open-circuited (i.e. the winding
of phase g is in a non-energized condition), under
the consideration of (7)-(9), Uy and U, can be
obtained by

di, dL,
" dt de
2

.-, % di, a’La,_ ]
+ dt  dé

W, -

i, @)

U, =

L@+

2
U,=Uy+(L,+L, +L,) “+e(9)
dl,. dL, . di di
+ (L +—<i Yo+ (L, —2+L,—<) (14)
o vt g9 P F L~y + L0

5209



AARAEMESEE

Vol.15, Supplement (2007)

When the winding current is not equal to zero and
PWM is under the state of duty-off, the voltage of
input port of phase a can be decided by

if i,>0, then U=Uy,, (15)

if 1,<0, then U,=0 (16)
where U, is the voltage of input power line.
According to (13)-(16), one can work out the input
port voltages of three phases and their central point,
and hence the three phase voltages v,, v, and v..
Referring to (6), the voltage equation of phase a is

di di di
=(rji +L, —“)+(L,—>+L —=
va (rala aa dt ) ( ab dt ac dt)
+ (dL"“ I, + ! I, + dL"c ic)a)+ e, (17
do de do
By defining that
di di
v =(L, b+ —<
am ( ab dt ac dt )
+ (dL“" i, + dL"b i, + dL"c i)w (18)
do dé do
we have
di
v =(ri +L V+v +e 19
a ( a a aa dt‘ ) am a ( )
’ . di
vV =v —v =(ri +L L)+ e 20
a a am ( aa aa dt ) a ( )
Similarly,
di di
v, =(L, —2+L £
bm ( ba dt bc dl )
+ (dL”“ i, + dLbb I, dL, i) (21)
do déa de
. di,
vy =i, + Ly —2) + v, +e, (22)
dt
’ ) dib
Vy =V, =V, = (i, + L, E) te, (23)

85210

vcm = (Lca % + ch éb_
dt dt
ey Loy (i, (24)
do de de
vo= (i, + L, 2y v, e, (25)
dt
Vev-vy, =i+ L %y e, 6)

dt

4. Performance Simulation of BLDC Motor
4.1 Simulink-based phase variable model

According to (1)-(16), a complete
Matlab/Simulink-based phase variable model is built
as shown in Fig. 1, where v, v, and v, v,, v, and
V., Vo, v3 and v, can be obtained from Matlab
functions based on (17)-(26). The rest of work is
similar to the modeling of a conventional DC motor,
so the proposed model can be easily realized in the
Simulink environment.

4.2 Performance Evaluation

As an example, the presented improved phase
variable model has been used to analyze a surface
mounted PM BLDC motor, which has been
developed for driving high-speed embroidery
machines [4]. Major parameters and dimensions of
the motor include 4 poles, 12 stator slots, 3 phase
single-layer windings, and the stator core
dimensions are 38 mm for the inner diameter, 76
mm for the outer diameter, and 38 mm for the axial
length, respectively. The motor is designed to
deliver an output torque of 1.0 Nm at a speed of not
less than 5000 rpm. The calculations of winding flux,
back emf, inductances and cogging torque are
reported in [4].

By using the improved phase variable model,
comprehensive performances of the BLDC motor
can be simulated, such as the curves of speed,
current and torque during the start-up or transients
when the load or power supply changes. For
example, Fig. 2 illustrates the speed curve during the
start-up with the full load of 1.0 Nm and the rated
inverter voltage of 310 VDC. It can be seen that the
motor speed can smoothly increase to the rated
speed of 5000 rpm. Fig. 3 shows the bus current
waveform.
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Fig. 1. Simulink-based improved phase variable model of BLDC motors

Y-connected three phase windings so that the phase
voltages can be obtained and the model can be
directly applied to analyze the BLDC motor. The
simulations on a high speed BLDC motor prototype
show the validity of the model.
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proposed to achieve the central point voltage of the

Fig. 3. Bus current waveform
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