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Abstract

In view of the double three-phase high and low voltage winding permanent magnet
synchronous starter-generator (PMSSG) starting winding selection problem. First of all, the
double three-phase PMSSG state space mathematical model was set up. Then, using the
method of comparative analysis, taking into account the compatible system and reliability
factors, demonstrates the winding start matching scheme, and gives the best start scheme.
In addition, the high and low voltage winding in series on the physical implementation was
analyzed, and the solution was given. Based on state space mathematical model, using
Matlab/Simulink software, motor speed control system model have been established, and
the simulation, verify the optimum winding matching start scheme.
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1. Introduction

Dual three-phase PMSSG also called dual
three-phase  permanent magnet synchronous
motor(PMSM), it is the further development of
ordinary three-phase PMSM, it is relative to the
ordinary three-phase PMSM has many advantages.
As in electric propulsion system can realize low-
voltage high-power, space harmonic minimum
number is higher than ordinary three-phase motor,
System is still reliable operation under the
condition of lack of phase failure. So it has been
applied in the area of ship propulsion and aviation
aircraft, etc. [1]-[3]

This paper introduces the dual three-phase
permanent magnet synchronous Starter-generator,
Stator winding adopts double three-phase
asymmetric coupling method, it is composed of 30
electric angle displacement of dual three-phase

symmetrical star winding. Starter-generator is
motor in the starting process, after starting, it
realize the generator function in the engine driven.
Literature [4] - [7], this paper introduces the
control method of the double three-phase PMSSG,
in this paper, coordinate transformation process is
simplified through synthesis of multi space
coordinates, and the mathematical model of dual
three-phase  PMSM is completed in rotating
coordinate  according to the coordinate
transformation. If you want to use the ordinary
three-phase  PMSM control circuit to achieve
control of dual three-phase PMSSG, because this
article research the starter generator uses two sets
of three-phase windings are high and low voltage,
S0 it is necessary to consider what a start winding,
is adopted to realize starting. In the actual starting
process, designers should not only to achieve
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effective starting motor, but also consider the
physical implementation of start-up circuit.
Therefore, through the analysis of the high and low
voltage winding starting plan, establish simulation
model, and verified for winding starting solution.

2. The mathematical model of PMSSG

For convenience of analysis, the required
precision to meet the engineering practice, it can
make the following assumptions:

1) Two sets of stator windings A B, C,

and A, B, C, in the space staggered 30 electric

angle, each three-phase windings symmetrical on
the space, it is the same number of turns per phase
winding, the difference of 120 electric angle
space. Regardless of iron saturation, magnetic
hysteresis, eddy current effect and the conductor
skin effect.

2) Damping winding is equivalent to two
phase winding are perpendicular to each other,
which located in d axis and q axis.

3) The air gap magnetic field sinusoidal
distribution, ignoring the effect of magnetic field
harmonics.

4) The rotor magnetic pole position and

A, phase winding of the stator axis Angle for 6.

The coordinate space vector arrangement
relationship is shown in figure 1.
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Figure 1. The synthetic diagram of Static coordinate
vector and the rotating coordinate vector

2.1. Spatial decoupling transformation
of dual three phase PMSSG.

Reference [1], [5], [8]-[10] are involved in
using the coordinate transformation method, the
realization of the motor vector control. Usually,
takes two phase rotating coordinate system not
only can be used to analyze the steady state
performance of PMSM, but also can analyze the
transient performance. The coordinate system
rotation is synchronous with the stator magnetic
field, conducive to the realization of motor control.
Vector composition diagram shown in Figure 1 in
this paper, transformation of the double three-
phase static coordinate system to a two-phase
rotating coordinate system is obtained directly.
Application of three phase coordinate system to the
two-phase  coordinate  system  equivalent
transformation rules, such as the vector relation in
Figure 1, can achieve dual three-phase static
coordinate system to the two-phase rotating
coordinate transformation.

Under the condition of the magnetomotive
force and power unchanged, in order to make the
two phase winding transformation and double
three-phase  winding is  equivalent, the
magnetomotive force relation must satisfy the
formula (1).

Where N2 and N6 are each phase of
effective coil number in series of two phase
winding and double three-phase winding.
Assuming R and T are respectively the
transformation matrix of dual three-phase static
coordinate system to the two-phase static
coordinate system and two-phase stationary
coordinate system to the double three-phase static
coordinate system, to prove the turns ratio

NN, =1:+/3.

1)

N,F, = Ng(F,sin0” + Fy,; sin120° + F, sin 240° + F,,, sin30° + Fy, sin150° + F, sin 270°)

CGS/ZS = \/g

Where C, /.

sin0° sin120° sin 240°

= [CGSIZS]T

1 | cos0°% cos120° cos240° cos30° cos150° cos?270°
sin30° sin150°

o @
sin 270

3)
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The transformation matrix at the same
time, to meet the flux, voltage and current in
double three-phase static coordinate to double two-
phase static coordinate transformation. Dual three-
phase stationary winding can be converted two-
phase rotation of the winding by rotation

A 8r s 5Y/4
cosd cos(@——) cos(@——) cos(@——) cos(@——) cos(f@——
( 5 ) ( 6) ( 6) ( 6) ( 5 )

CGS/Zr =

CZS/GS = [CGSIZS]T

2.2. Dual-phase PMSSG mathematical
model.

After double three-phase static coordinate
system to the coordinates of the two-phase
synchronous rotating coordinate system transform,
double three-phase PMSSG to achieve the d-q
axial decoupling, its attribute model is as follows:

{Ud=Rs-id+pwd—w~v/q ©
U, =R i, + py, —o-y,
{l//d =Ly -l Jr\/él/h )
Vo =Lyl
T, =n,[V3p, i, + (Ly — Loi, iy ]

do 8

T.=T +Bo+J—
dt

In the formula (6), (7), (8) the main symbol
physical meaning is as follows :

Ly and L, are equivalent d axis and q

axis self-induction respectively.
Ly =Ls+L,y Lg=Li+L, L is

md * —sq mq ' s
the stator leakage inductance, L, is the windings

mutual inductance of between the stator and rotor
of d axis. L, is the windings mutual inductance

of between the stator and rotor of g axis. @ is the
electrical angular of rotation of d-q coordinate

system and the rotor. n, is pole pairs, T, is the

load torque, J is the moment of inertia, B is the
damping coefficient, y/,is a permanent magnet

flux.

3. Starting winding selection of PMSSG
Since starter-generator output is divided into two
sets of three-phase windings, respectively is the
high voltage winding and low voltage winding.
Starting winding can choose double three phase
current injection starting, can also according to the
starting of three-phase motor current injection

B3| _sing —sin(a—%”) —sin(@—%ﬂ) ~sin(p-2) —sin(a—%’) —sin(e—%”)

transformation, the axis of which is located in d-
axis and g-axis. Transform matrix and inverse

transform matrix are Cg,,,, and C,, .-

or
4)

(5)
way[11]-[13], it can simplify the control circuit, at
the same time, can use ordinary three-phase
PMSM control method. If an ordinary three-phase
motor starting mode, choose a starting input
winding is needed.

Winding selection mainly consider several
factors of starting current and starting torque,
energy loss. Motor starting process, the first thing
to consider is the starting torque values, namely the
force created by the winding coil, because the
motor starting depending on whether the torque
values can meet the requirements.

In order to meet the need of qualitative
analysis,  quantitative =~ motor  performance
parameters are given. A starter generator for
example, low output voltage AC (12.5V ~ 28.5V),
output power7.5kW ; high voltage output AC
(74V ~ 148V), output power 13.3kW .Considering
the condition of the same torque high-low voltage
winding, Comparing  high and low voltage
winding as the starting winding performance of the
resulting relationship.

The following analysis process is aimed at
high voltage one phase winding and low voltage
one phase winding, the comparison of high voltage
winding starting with low voltage winding starting.

3.1. The relation between basic
parameters.
High and low voltage winding back EMF:
E, =4.441W, ¢ )
E, =4.441fW,¢

Where E, and E, are one phase EMF of
generator of high voltage and low voltage winding.
W, and W, are generator high voltage and low

voltage coil of each phase winding, f . ¢ are

output voltage and frequency of motor flux.

Ignore the coil voltage drop and think in
terms of generator, the coil number of turns ratio is
proportional to the voltage.
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W, U, 10
WI UI
U U

In formula (10), ~" and ~! are the output
voltage of considering the motor load. According
to the numerical relationship given in front of the
motor output voltage, it can be obtained:
U, 5 _ W, _5 )
u 1 W 1

According to the given conditions, high
voltage and low voltage output power to meet:
P, 13.3kW

Tho_ ~
R 7.5kW
Where P, and P, are high voltage and low
voltage output power.
It can be obtained from formula (11) and

(12), the cross-sectional area of the high voltage
and low voltage coil should satisfy the following

(12)

relationship:

S, 2

h_ 2 13
5 "3 (13)

3.2. The relationship between high and
low voltage winding current at the same torque
conditions.

Motor starting, whether high voltage
windings or low voltage windings, torque should

be the same T, =T, .
Besides, T, =W, I, T, =W,

So, == (14)

In the above formula, T, . T, are starting

torque of high voltage windings and low voltage
windings. I, . |, are current of high voltage

windings and low voltage windings.

As can be seen under produce the same
moment, the starting current of use the low voltage
winding is larger than the starting current of use
the high voltage winding.

3.3. The current heat effect

The starting process of winding its
consumed energy is mainly embodied in the form
of heat.

— Ih _ II

R, psh ' Ry PSI

Where, R, . R, are resistance of high and
l,

(15)

low voltage winding, and |, are length of the
high and low voltage winding, p is the resistivity.

The length of the wire is proportional to
the number of turns of the coil.

I_h = Wh =5 (16)
II VVI

The resistance of the winding ratio:
R I
Ri /S 155 (17)
RI Sh II

The heat generated by the winding
relationship:

2

Fan 10 Ry 5 (18)
Pcal I| 'R|

3.4. The conclusion of comparison

It can be seen from the previous

comparative analysis, on the premise of produce
the same torque, high voltage winding heating

power P, is only part of the low voltage winding
calorific power P,

cal

0.5 times, but the needs of low
voltage winding current |, is needed for the high

voltage winding current |, five times. If the current

is too large, the selection of control circuit and
inverter current device is difficult, even threaten
the reliability of the controller, so the high voltage
winding starting than low voltage winding is
starting well.

Using the previous analysis methods, the
high-low voltage winding series starting mode is
compared with the high voltage winding starting
mode, the current of high-low voltage winding in
series will be reduced, and power consumption will
be reduced. Therefore, the best way to start high-
low voltage winding in series, but for high-low
voltage winding in series in the physical realization
is relatively complex.

4. High-low voltage winding in series
starting physical implementation

4.1. high-low voltage winding in series
starting principle

In the process of starting, through the three
switch S1, S2, S3 action to achieve access
winding. The three-phase winding short circuit
when the switch is closed, the three-phase winding
access circuit when switch off.

ST S3

Vi
/ \
/ \Hi

igh___ {
S . V""ageg || Three-phase
Engine L Y 1 rectifier
| |
E ‘ I <{ Frequency
| votage
(4 ARARAA S |t converter
s2 N4

Starting L Starting
power controler

Figure 2. Schematic diagram of high-low voltage
winding in series
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4.2. Switching logic

Starting before and after starting three
switch S1, S2, S3 in different state of switch, three
the working state of the switch as shown in table 1.
“1” means switch is closed, “0” means switch is
open.

Table 1. Switch state

condition S1 [S2 |S3
Before starting | O 0 1

After starting | 1 1

5. Starting solution validation

5.1. simulation model

According to equation (1)-(8), simulation
model [14]-[15] based on Matlab/simulink dual
three-phase PMSSG as shown in figure 3. The
input variables of the simulation model for
magnetic double three-phase voltage, load torque
and permanent magnet flux linkage, the output is a
dual three-phase stator current and electromagnetic
torque and speed.

UAL id N1 = ED)
Ualfa ud - A
UAL [ —»|ud N -
ialfa i
UBL  Ualfa Ubeta . > —>(iB:1 )
uc1 fen U »|u icii—»(5 )
> |thetam a »>1-a fcn 4 o
uct 4 Te ib ) '
UAz fon v b fon 2|
UA2 psaif T —— I ) iA2
UB2  Ubeta psaif n ibeta iB2 —b
UB2 iB2
G O—P|uc2 T ic2—»(8)
uc2 T thetam ic2
dual3-2s 2s-dual3
abc-dq

Figure 3. Simulation mode of dual three-phase PMSSG

According to Figure 1 the start control
theory, such as the establishment of control is
shown in the figure 4 of high and low voltage
winding of double three-phase PMSM control.
Here we only consider the high-voltage winding
starting and the low-voltage winding starting in

two cases. A vector control method i,_,using
ordinary three-phase motor.

. i vDCY
T @ PR P > dg
. N | svPwMm

af > Inverter

*

— dqg op

Ar A A

i

of ABC

<
Switch |4~
control

Dual-three
phase
PMSM

—0

6

Angle & Speed
Calculator

Figure 4. High and low voltage winding switching
control of dual three-phase PMSM

5.2 The simulation results

Through the previous analysis,
respectively, were double three-phase permanent
magnet synchronous motor simulation, a low

voltage winding starting simulation and a high
voltage winding starting simulation.
The motor parameters are given. The pole

number is 4, ¢, =0.17Wb, moment of inertia
is J =0.004kg.m? ; High-voltage winding is
R, =0.092, Armature inductance is L, =1mH

; High-voltage ~ winding  is R, =0.092
, Armature inductance isLy,; =1mH .
200
150 f\ﬂf‘
»‘%\ 100 }U
=
o]
50 0.05 0.1 0.15 0.2
150
100
T 50 )
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Figure 5. Simulation waveform of dual-three phase
PMSM
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Figure 6. Waveform of low-voltage winding starting
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Figure 7. Waveform of high-voltage winding starting

The simulation of starting torque given
consistent, i,_, control conditions, q axis

equivalent current is proportional to the
electromagnetic torque of the machine. It can be
seen from the figure 5, the double three-phase
starting control method of starting process faster,
increase the torque during 0.1 s, the simulation
speed basic remain unchanged. It can be seen from
the figure 6, low voltage winding starting control,
when the electromagnetic torque increase, speed
changes slightly. Contrast figure 6 and figure 7,
high voltage winding of starting motor operation
performance is more stable. Ordinary three-phase

starting way is a bit slow than double three phase
starting way, but to be able to meet the
requirements of starting motor starting.

6. Conclusion

In this paper, a comprehensive analysis of
dual three-phase permanent magnet synchronous
generator start method, a theoretical basis is given
starting scheme, and through simulation
experiments verify the feasibility. In this paper, the
starting program, to achieve the dual three phase
PMSSG start reliably and dynamic performance is
good. The user can according to the actual
application environment, the actual conditions of
use, choose the appropriate starting scheme.
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