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1 | INTRODUCTION
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Abstract

Doubly salient electromagnetic machine (DSEM) can constitute a competitive rugged
starter generator (SG) system. But under the traditional startup control method, the field
current is set to the rated value regardless of speed or load torque conditions, and the phase
currents are controlled with standard angle commutation, bringing in large power loss as
well as non-negligible torque ripple. To overcome these shortcomings, based on the
established DSEM power loss calculation model, a currents distribution strategy is pro-
posed according to the obtained quantitative relationship between DSEM power loss and
field current under multiple speed and load torque conditions. Then, to identify the load
torque for practical implementation, a novel torque observer is designed based on back
propagation (BP) neural network algorithm. Afterwards, to further improve the startup
torque performance, currents distribution with advanced angle commutation (AAC)
strategy is put forward, where the optimal advanced angle is selected from a 3-D lookup
table to achieve the minimal commutation torque ripple. Under the proposed control
strategies, DSEM power loss as well as the output torque ripple are desired to be decreased,
the simulation and expetimental results on a 12/8-pole DSEM prototype vetify the cot-
rectness and feasibility of the proposed strategies under multiple operating conditions.

KEYWORDS
AC motor drives, reluctance motor drives

Efficiency is an important index for aero SG, to improve
the operating efficiency of DSEM SG, the main optimisation is

With the increasing improvement of aircraft performance and
the increasing number of airborne electrical equipment, multi-
electric aircraft technology has become an important direction
of aircraft development, which puts forward higher re-
quirements for the aviation power system [1-3]. Starting
Generator (SG) technology enables the dual function of
starting and generating power with just one motor, which
eliminates the traditional starter, simplifies engine accessories,
and improves reliability and power density. It has become the
core technology of modern aviation electrical system [4, 5].
DSEM owns the advantages of solid structure, high reliability,
strong fault tolerance and strong excitation regulation ability, it
can constitute a competitive SG [6-8].

to reduce the loss, especially to minimise the iron loss and
copper loss. The current research is mainly realized through
motor structure optimisation and control strategy improve-
ment. In the former category, [9] applied the four layer winding
structure to the motor, which can significantly reduce the iron
loss while suppressing harmonics. To further improve torque
density, integrated stator windings are used to replace the
armature and field windings in traditional hybrid excitation
motors [10]. In addition, a novel doubly salient motor with
non-overlapping field windings was designed, and the elec-
tromagnetic performance of motors with different combina-
tions of stator and rotor poles were studied, balancing high
torque density and wide magnetic flux regulation range [11].
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In the field of control strategy improvement, current ripple
suppression method is studied [12], which is helpful to
improve torque performance. In ref. [13], a dual-pulse mode
control of high-speed DSEM is adopted to reduce motor loss
in a wide speed range. In order to improve the static perfor-
mance and robustness of the motor, the indirect adaptive fuzzy
control is applied to the generator voltage regulation system
[14]. The above methods only control the armature current and
do not give full play to the flexible field regulation ability of
DSEM. To solve this problem, particle swarm algorithm was
introduced to study the current distribution strategy, and the
efficiency of the system was improved with the goal of mini-
mising copper loss [15]. In addition, a new DSEM control
strategy was proposed, in which the armature current was set
to the rated value and the output torque was adjusted by
adjusting the field current [16]. However, due to the large
inductance of the field winding, the dynamic performance is
degraded. In order to improve the dynamic performance, [17]
proposed a new conduction angle control strategy in power
generation applications to minimise the field current increment
in the dynamic process.

Nevertheless, currents distribution cannot perfectly solve
the problem of large torque ripple during standard angle com-
mutation (SAC), and angle control is one of the effective ways to
optimise motor commutation torque ripple [18], generally
including three-state control, six-state control, nine-state con-
trol etc. [19-21]. In recent years, some new optimisation
methods have been proposed. For example, a self-tuning con-
trol method of the multi-angle alternating method was proposed
to optimise the difficult problem of advanced Angle selection
[22]. At the same time, a drive scheme with high torque current
ratio is proposed, which adopts adaptive phase delay compen-
sation to adjust the current in the reversing process [23]. In
addition, direct instantaneous torque control was improved to
suppress torque ripple [24]. All the above methods can improve
the reversing torque ripple to some extent, but it is difficult to be
applied because of the complexity of the calculation process
caused by the introduction of adaptive controller.

To improve the startup performance of DSEM SG, cur-
rents distribution with AAC method is researched in this paper.
First of all, the power loss distribution is studied through the
established DSEM power loss calculation model. On this base,
according to obtained the quantitative relationship between
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DSEM power loss and field current, the optimal field current
can be achieved, and a currents distribution strategy under
certain speed and load torque is proposed, and a torque
observer is designed to identify the practical DSEM operating
condition. To further improve output torque performance, the
optimal advanced commutation angle is analysed and defined,
and AAC is proposed to be utilised with the proposed currents
distribution strategy. Finally, a series of experiments are carried
out on a 12/8-pole DSEM system, and the results verify the
correctness and feasibility of the proposed strategies.

2 | THE BASIC OPERATING PRINCIPLE
OF DSEM

The diagram of DSEM SG system is shown in Figure 1. At the
starting stage, the switch S1 is on, and the starting power
supply (battery) supplies power to the DSEM through the full-
bridge converter. The DSEM drives the acroengine to start and
run as a motor. After the engine reaches the ignition speed, S1
is disconnected and S2 is on. The engine in turn drives the
DSEM, which operates as a generator to supply power to the
load. Power generation control can be carried out by adjusting
the field current and armature current.

Figute 2a shows the cross-sectional view of a 12/8 pole
DSEM, the stator and rotor are both with salient structure,
which are laminated by silicon steel sheets. No permanent or
any winding are mounded the rotor, the stator slots atre
embedded with centralised field windings and armature
windings. The simple structure contributes to its high reliability
under harsh working conditions. Figure 2b shows the power
circuits for DSEM driving. Three-phase full-bridge inverter is
generally applied for armature windings control, and the field
winding is driven by asymmetric half-bridge converter, the two
converters are powered by a same direct current (DC) power.
Figure 2¢ shows the “120° three step” conduction rule for
DSEM. In order to ensure the stable operation of the electric
cycle, three commutation instants should be detected in time.

The output torque T, (p = a, b or ¢) of each phase contains
reluctance torque 7T, and excitation component Ty as
expressed in Equations (1) and (2), where i,, L, are phase
current and inductance, respectively, Ly is the mutual induc-
tance between three-phase windings and field winding, In a

Field
Source

FIGURE 1 Doubly salient electromagnetic

machine (DSEM) SG system.

9SUQDIT suowwo)) 2Anear) a[qesrjdde ayy £q pauraaos are saonIe Y oSN JO Sa[NI 10j AIRIQIT 2UI[UQ AJ[TAY UO (SUONIPUOI-PUB-SULIAY/W0d KA[1M"ATeIqIjaut[uoy/:sdny) suonipuoy) pue suLa, oyl 23S *[£707/60/81] uo Areiqry auruQ Aaip ‘Areiqry Ansioarun £q 8¢€71°2d19/6+01°01/10p/wod Ka[im’ KTeIqrjauruo yoreasanal//:sdny woij papeoumo( ‘0 ‘6L981SLT



ZHOU ET AL 3

FIGURE 2 Basic operating principle of doubly

salient electromagnetic machine (DSEM). (a) Cross Stator

section of a 12/8-pole DSEM. (b) Main power

circuits of DSEM driving. (c) “120° three step” Rotor

conduction mode of DSEM.
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general DSEM, the turns of field winding are much larger than
that of armature winding, so the mutual inductance between
the armature winding and the field winding of DSEM is far
greater than its three-phase self-inductance, thus the field
torque is the major component and the reluctance torque
component is ignored.

1.,dL

The=3 o M)
.dL

The= WPTEf (2)

Figure 3 shows the block diagram of the traditional startup
control. Field current is set to the rated value regardless of
speed or load conditions. However, since the turns of field
winding is much larger than that of armature winding, the field

120° 360°

winding brings lots of power loss especially under light load
conditions. Meanwhile, the phase current is controlled as semi-
square waveform with SAC, bringing in large power loss as well
non-negligible torque ripple. The aforementioned traditional
control methods limit the further improvement of DSEM.
Therefore, the currents distribution with AAC optimisation
strategy based on the minimum loss of DSEM is proposed.

3 | CURRENTS DISTRIBUTION
CONTROL FOR DSEM

3.1 | Power loss analysis of DSEM

Due to the limitation of motor structure and materials, it is

inevitable to generate losses during its operation. Reducing
power loss is the direct way to improve the operation efficiency.
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Figure 4 shows the loss distribution diagram of the DSEM, in
which P, and Pr are the energy input from the main power
converter and the field power convertet, P,,p and P,k refet to
the loss of the main power converter and the power converter of
the field circuit respectively. Pz and Pm are stray loss and me-
chanical loss of motor. For the entire DSEM system, the above
losses account for a relatively small proportion, while iron loss
Pr. and coppet loss Pc, are the main losses, which endanger the
efficiency and service life of the system.

The copper loss of DSEM can be divided into two parts:
armature winding copper loss PCup and field winding copper
loss Pc,s, which can be expressed as Equation (3). Since the
three phases of DSEM are symmetrical, the copper loss can be
simplified as Equation (4).

Pey = Peuy + Powe = ;R + igR, + 2R + Ry (3)
Pc, =2i’R, + iRy (4)

where R, is the resistance of the armature winding.

The traditional calculation of iron loss includes hysteresis
loss, eddy current loss, and additional loss. On this basis, the
additional loss is considered as a part of eddy current loss, and
a binomial calculation model is established.

Pye =Py + P. = kB, f + ke(Buf )’ (5)

where kj, and k. are hysteresis loss coefficient and eddy current
loss coefficient respectively, and k = 2.

In the finite element loss model, the loss when different
field currents are used to participate in system control under
500rpm and 3Nm is calculated, and the results are shown in
Figure 5. In traditional startup control, it is not optimal to
control the field current to the rated value of GA. Therefore,
the purpose of reducing the system loss can be achieved by
adjusting the field current. In addition, the acquisition of
optimal current needs to fit and calculate the motor loss under
corresponding working conditions.

3.2 | Loss coefficient fitting and currents
distribution strategy

Due to the complexity of the iron core structure and magnetic
field distribution of the motor, the hysteresis loss coefficient

FIGURE 3 The traditional startup control
strategy of doubly salient electromagnetic machine
(DSEM).

—Power Input - — Power Output

FIGURE 4 The power loss distribution diagram of doubly salient
electromagnetic machine (DSEM).
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FIGURE 5 Comparison diagram of motor losses under different field
current control.

ks, eddy current loss coefficient k. and motor magnetic density
B, ate difficult to obtain online, resulting in that the iron loss
of the motor cannot be directly obtained by simply using the
traditional iron loss model. Therefore, the following simplified
analysis is carried out.

B — Bmax - Bmin _ k{/)((/’m“ - (pmin) _ k(pl:f(l‘pf max Lpf min)
" 2 2 2
(6)

f=5 ™

Therefore, the sum of iron loss and copper loss of DSEM
can be expressed as Equations (8) and (9).
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PFC = k]_ia)l.fz + kLza)zl:/Z (8)
Plos = Zi;Rp + Z?Rf + /eLla)if2 + kszzifz (9)

where k,, is the coefficient between magnetic density and
magnetic chain, and the iron loss calculation coefficients are
2 2
Ry (Lot wax—Lof min ) fy (Lot max =Lyt min)
kL1 :/eb T and kLZ.:kc T
In order to avoid complex iron loss calculation, loss

calculation coefficients k;; and &y , are obtained by least square
method. The model parameters are shown in Table 1, and the
specific calculation process is as follows.

(i) Different speed, field current and armature current are
input in the ANSYS model to obtain the motor loss and
torque information under the corresponding combination.

(ii) The autoregressive least square method is used for non-
linear fitting of the obtained data, and the expression of
the objective function € is established as Equation (10).

e= " (F(kx) - )’ (10)

where F(k,x) = ZQ;RP + ZfRf +kpdne? + ka®i?, x=
|:2p7 2f) d):| > Y :i)Loss, k= [kLl, kLZ]- |:2p7 ;fa &)7 ]AJLossi| are

respectively the armature current, field current, speed and loss
under corresponding working conditions selected in ANSYS
simulation.

(i) The loss coefficients &y, and ky, are obtained by fitting
calculation. Because the calculated data fully considers the
influence of operating conditions on the coefficient.
Therefore, on the premise of ignoring the change of
motor resistance parameters, the values of ky, and k;, do
not change with the operating parameters during the
actual operation of the motor.

TABLE 1 Parameters of doubly salient electromagnetic machine

(DSEM).

Motor parameters Value
Stator poles/Rotor poles 12/8

Rated DC bus voltage 100 V
Rated power 1 kW
Normal speed 1000 r/min
Minimal/maximal L, 0.5/3.5 mH
Minimal/maximal Ly 1.6/18 mH
Stator resistance 0.5 Q

Field winding resistance 1.26 Q
Field winding inductance Ly 63 mH

The loss calculation coefficient is brought into Equa-
tion (9) to obtain the comparison diagram of corresponding
actual loss and fitting loss under 1000rpm working condition as
shown in Figure 6. The figure shows that the calculation result
has a good fitting effect.

When three-phase three state control is adopted, the tor-
que of DSEM can be expressed as Equation (11).

oL
T,=2T,= 21;1'1,6—5* = Ciigip (11)

In which G, is the torque coefficient.
Combined with Equations (9) and (11), the field current
corresponding to the minimum loss can be obtained.

2T°R,
1y =
/ Ctz (kLl(l) + kLQCl)Z + Rf)

(12)

Therefore, the field current satisfying the minimum loss
under the determined working condition can be obtained by
using the direct calculation method, so as to realise the currents
distribution of the system and apply it to the actual DSEM
control system.

3.3 | Torque observer design based on BP
neural network

To realise currents distribution, it is necessary to accurately
identify the operating condition information for motor con-
trol. For the speed information can be calculated by the motor
position decoder, but the torque information is limited by the
poor observation accuracy of the traditional torque observer,
and usually ignores the motor saturation effect. This paper
fully considers the non-linear characteristics of the system
when the magnetic circuit is saturated, and designs a novel

300
® Actual power loss
[ Fitting surfaces
250
200
5150 -
o
a
100 —
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0
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FIGURE 6 Comparison chart of actual loss and fitting loss surfaces.
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torque observer. Its algorithm is easy to implement, and its
calculation accuracy is high, which can meet the actual control
needs.

When considering motor saturation and advance commu-
tation control, C, can be considered as the coefficient related to
field current, armature current and advance angle a. Due to the
complex coupling relationship between torque coefficient C,
with 5 7, and a, it is difficult to perform linear fitting calcula-
tion. Considering the advantages of neural network algorithm in
complex non-linear data processing, this paper designs a torque
observer to identify torque coefficient based on BP neural
network algorithm, fully considering the influence of three-
phase three state advance angle conversion on torque coeffi-
cient. A three- input single-hidden layer BP neural network is
designed as shown in Figure 7. Regarding the selection of the
number of hidden layer nodes, this article uses a combination of
golden section method and traversal algorithm for calculation.
According to the calculation formula shown in Equation (13),
different numbers of nodes were traversed, and the calculation
results showed that when four nodes were used, the calculation
error was the smallest and the effect was the best.

Ny =/ No+ Now + @ (13)

where Nj, is the number of hidden layer nodes, Ny, is the
number of input layer nodes, N, is the number of output
layer nodes, and a is a constant between 1 and 10.

This article uses offline training to train the model based
on the obtained data. Divide the 240 sets of data obtained
offline, randomly select 180 sets as training data, and the
remaining 60 sets as test data. The BP neural network model is
trained according to the flow chart shown in Figure 8.

The hyperbolic tangent sigmoid function Tansig is selected
as the excitation function, which is defined as g(x) as follows:

- 2
T 4

8(x) -1 (14)

The root mean squate error RMSE function is constructed
as the training objective error function.

RMSE(yi) =—> (i) (15)

Sk

C, Output Layer
//v Nelin
Hidden Layer
Tansig
i Ip a Input Layer

FIGURE 7 Torque coefficient observation model based on back
propagation (BP) neural network.

where: v; is the expected value of the ideal field current given
of the BP neural network topology, y, is the given value of the
actual output field current, 72 is the number of samples.

After offline training, the effect of fitting is shown in
Figure 9. The results show that the relative error of the fitting
results is within +3% and the model has good prediction ef-
fect. Applying the offline trained model to the online obser-
vation, the motor torque information can be obtained in real
time.

As shown in Figure 10, the loss calculation coefficient
and torque information obtained by offline fitting are brought

‘ Data Normalization }—l
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neural network

Training
eet the minimum network model

error of the target?

‘ Trained model |<7

'
'
:
:
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network result
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'

FIGURE 8 Flow chart of establishing and training back propagation
(BP) neural network.
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FIGURE 9 Torque coefficient observation model based on back
propagation (BP) neural network.
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into (12), and the field current setting value Zf* under corre-
sponding working conditions can be solved online.

The currents distribution strategy is simulated at 1000 rpm
and 3 Nm. The data in Table 2 shows that the total loss of the
system is significantly reduced after currents distribution. In
order to ensure the accuracy and reliability of the data, So in
this paper, the average iron loss value in one cycle after the
motor stabilisation is selected as a reference value.

4 | ADVANCED ANGLE
COMMUTATION CONTROL STRATEGY
OF DSEM

4.1 | Analysis of SAC process

As shown in Figure 11, the commutation process includes two
processes. Taking 120° commutation point as an example. 8 is
the angle corresponding to phase A freewheeling, and 6, is the
angle corresponding phase A current raising to the given value.

@) During 120° ~ (120 + 6,)°, the currents of A and C
phases drop to 0. (ii) During (120 + 6,)° ~ (120 + 0; + 92) ,
the currents of B and A phases rise to the given value lp

As shown in Figure 12, the equivalent circuit of the
commutation process is established, and the mathematical
expression is as follows.

di, di,

-Up-e-1,R-—L,—~—+L—

g, TLeg, “+iR+e=0 (106)

whete i, + i, = 0, i, > 0. Ignoring the influence of magne-
toresistance back EMF and assuming that the field current is

FIGURE 10 Schematic diagram of field current solution.

TABLE 2 Finite element simulation results.

Control strategy Traditional method Currents distribution method

i/ A 6 43

i,/ A 447 5.78
Copper Loss/W  65.34 56.69
Iron Loss/W 18.11 11.98
Total Loss/W 83.45 68.67

constant, so e, = k.0, Where k. is the back EMF coefficient
and its value is dL,¢/d6. The value of armature winding voltage
drop 7, - R is far less than the amplitude of DC bus voltage and
back EME, so its influence can be ignored. Therefore, the
freewheeling time and angle are obtained.

meax+meinl lj;‘lc +2/€f w+2R (17)

2R lec + Zkef @

H =

Lomax + Lomin . Use + 2kes - @ + 2R 1)
9 _ . P X jo) 1 C (& P 18
=@ 2R T U + 2k @ (18)

Similarly, the time and angle at which the current rises to a
given value can be obtained.

meax + mein1 Uﬂc + kef T

ty = 19

2 R Utkew-2Riy
Lmax+Lmin []d +kf0)

0, = = PR c e 20

2=@ 2R U + ks 0 —2R iy (20)

In order to simplify the analysis, the change rate of current
in the above two processes is approximately considered as k&,
/epz, and the partial derivative of mutual inductance and angle is
/epf. On this basis, the torque value can be obtained and shown
with 1/3 cycle as an example.

Sector 2 Sector 3

Sector 1

~N—_—— —

v

240° 360°

FIGURE 11 Current diagram of doubly salient electromagnetic
machine (DSEM) standard angle commutation (SAC).

€y ib L
U, U.
dc dc e i L
a b

FIGURE 12 Equivalent circuit diagram of standard angle
commutation (SAC) process. (a) 120° ~ (120 + 6,)°. (b) (120 + 6,)° ~
(120 + 0, + 6y)°.

9SUQDIT suowwo)) 2Anear) a[qesrjdde ayy £q pauraaos are saonIe Y oSN JO Sa[NI 10j AIRIQIT 2UI[UQ AJ[TAY UO (SUONIPUOI-PUB-SULIAY/W0d KA[1M"ATeIqIjaut[uoy/:sdny) suonipuoy) pue suLa, oyl 23S *[£707/60/81] uo Areiqry auruQ Aaip ‘Areiqry Ansioarun £q 8¢€71°2d19/6+01°01/10p/wod Ka[im’ KTeIqrjauruo yoreasanal//:sdny woij papeoumo( ‘0 ‘6L981SLT



ZHOU ET AL.

6, ~120°
120° ~120° + 6,
120° 4+ 6, ~ 120° + 6,

(21)

kafifip*
_kafif (ip* - kp191)
kafl://epz(gz - 91)

7;:

During 120° ~ (120 + 6;)°, negative electromagnetic tor-
que is generated, and during (120 + 6,)° ~ (120 + 6,)°, the
torque has obvious drop.

4.2 | Analysis of AAC of DSEM and the
optimal angle selection

The back EMF will increase with the rise of motor speed. At
the same time, the change rate of armature current rise during
commutation is low, and the commutation time is long, so a
large current gap will be generated, which will cause torque
drop and limit the output of the motor. In order to solve this
problem, AAC is adopted to increase the output and improve
the torque-current ratio of the system.

On the basis of the above analysis, the following three
schemes are divided according to the angle of commutation
advance. a is the commutation advance angle, 8 is the angle
between A-phase current zero crossing and standard com-
mutation, ¥ is the angle between A-phase current rising to the
given value and standard commutation.

According to Figure 13, the motor torque corresponding
to the commutation region under the three schemes can be
obtained.

Q) a <6,

ke iy =kt (0 + @ =120°)]  120° — ¢ ~ 120°

(i) a =6,

120° —a ~120°
120° ~ 120" + 7
(23)

[Pkl ka0 a=120°)]
o 2kriky (60— 1207)

(i) a > 6,

2hsir [iy — ki (0 + @ —120°)] 120° — g~ 120" = B
—kpiky (0 + B —120°) 120° = g~ 120°
2kycirky (0 + f —1207) 120" ~120° +7

T, =

(24)
The torque ripple ratio is defined as

T;
7=—2 % 100%
T’ng

(25)
In the above three cases, the maximum torque ripple
ratio is:

2a + 3p

dat ) @<
Tonax = 1 a =0 (26)
342 g> 0y

2(p+7)

When a = 6, negative electromagnetic torque will not be
generated and torque tipple ratio is minimum. Therefore, the
optimal commutation angle selected in this paper refers to the

T =4 —kpiy iy — ket (0 +a — 120°)] 120° ~ 120° + B angle corresponding to the minimum torque ripple ratio that
ohgirh, (9 _p- 1200) 120° 4 B~ 120" + 7 can be generated by the DSEM in the co.mmutatior} range. The
AAC strategy can suppress the torque ripple and improve the
(22) torque current ratio of the system.
Sector 1 Sector2  Sector 3 Sector1  Sector?2  Sector 3 Sector I  Sector2 Sector 3
I B Ly =TT ~<
—L/uf//l-a \\\\ _____ | /L“}//lq \\\ %/af/ I, ~d: s
“eT & o Yl i~ i
A et | I | ______'/V'ﬁ"f’/i;- T~ __f:jéébf’l/}, T
] ] {‘
\\\\~ —/—LC/F/T \.\\\ /Lﬁ/i‘- T-\\ LCf//'/b
I | | o I S Y c ~a il L
0 0 iy
0 120° 2400 360° 0 1200 240° 360° | 120° 240° 360°

FIGURE 13 Schematic diagram of current and inductance in case of advanced angle commutation (AAC). (a) @ < 6. (b) @ = 6,. (c) a > 6,.
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4.3 | Optimal control strategy of currents
distribution with AAC

As analysed aforementioned, the traditional startup control
strategy of DSEM sets the field current as the rated value
without considering the change of working conditions, which
leads to large losses, and the phase current is controlled as
semi-square waveform with SAC mode causes large torque
ripple during the commutation process. This paper presents a
currents distribution with AAC strategy. The control block
diagram is shown in Figure 14. The torque coefficient is
calculated by BP neural network algorithm, the currents dis-
tribution based on the minimum loss is calculated online and
the advanced angle is obtained from a 3-D lookup table based
on the minimum commutation torque ripple. A mapping table
of different field current, armature current, DC bus voltage,
motor speed, and optimal commutation advanced angle is
established. The real-time data of the above four physical
quantities are obtained by sampling, This method can effec-
tively improve the torque current ratio of the motor, improve
the system energy efficiency, and reduce torque ripple.

5 | EXPERIMENTAL VERIFICATION

5.1 | Experimental setup

Figure 15 shows the DSEM SG experimental prototype plat-
form. It mainly contains a 12/8-pole thtee-phase DSEM, of
which the parameters are shown in Table 1, a three-phase full-
bridge inverter circuit for DSEM driving, a TMS320F28379D
based controller board, sampling and driving circuits, a pet-
manent magnet synchronous motor serving as the load ma-
chine which is coaxially connected to DSEM, and it connects
to a rectifier bridge and adjustable resistance load, thus the load
torque of DSEM can be regulated by the resistance. This

design is closer to the actual motor application environment,
with more accurate test value.

And due to the large friction coefficient, the load torque
caused by friction cannot be ignored.

5.2 | Experimental results

In the experiment of this paper, the bus voltage is set as the
rated value, so the efficiency of the system can be evaluated by
DC bus current. In order to avoid the influence of bus current
fluctuation on the experimental results, the average bus current
of each electrical angle period is applied. In the following
experimental tests, each method can operate stably under
different working conditions. Therefore, the efficiency per-
formance of the proposed optimal control strategy can be
compared by observing and comparing the average bus current
corresponding to the three control strategies under different
working conditions. At the same time, the torque output per-

Oscilloscope

T
J s
Auxiliary wcr

Samplin and Driving
circuits

g Intelligent Power Module

Torque Sensor == Stator

/|
Adjustable Ohmic Load ==3

Rectifier Bridge

Field current
distribution

_____ C

Field Current Control i Yee |
% IIQ |

: lf N [
If . v PI l/; ,| Drive Signal y = . I
Generator _Qé;q; Do |
~ ™ |

| Armature Current Control Qs i Q
I a le o A ]

FIGURE 14 Optimal control strategy block

angle commutation (AAC) of doubly salient

| w + Drive Signal —Li? —E@;
diagram of currents distribution with advanced : j’?f Plk L * '%_ - PI Generator Qi Q4
| o T

electromagnetic machine (DSEM).
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formance of the proposed strategy is characterised by calcu-
lating the corresponding torque ripple ratio.

Firstly, the efficiency optimisation performance of the
proposed control strategy is tested. As shown in Figure 10, the
experiment obtains the DC bus current of the traditional
method, currents distribution method and currents distribution
with AAC under the same working condition. The field current
under the traditional method is rated 6A, and the DC bus
current is about 1.2 A. By applying the currents distribution
strategy, the field current value corresponding to the minimum
loss is involved in the system control, which significantly re-
duces the loss. On this basis, the currents distribution with
AAC is adopted, and the DC bus current value is reduced to
0.6 A, the system efficiency is improved in a certain degree.
Although the field current fluctuates, the actual armature

current of the motor will automatically compensate for the
fluctuation, so that the output torque and speed characteristics
of the motor remain relatively stable.

As shown in Figure 17, the experimental results under load
conditions are more obvious. This is mainly reflected in that
the given value of the optimal field current calculated by the
currents distribution method is relatively improved under large
loads and is closer to the rated value numerically. In this case,
the optimisation performance of system energy efficiency is
more prominent by AAC.

In order to further illustrate the effectiveness of the opti-
misation strategy under wide speed and load conditions, the
following statistical results are measured by the experiment.
Figure 18a shows the DC bus current values corresponding to
three methods at different speeds with Rj,,q = 48.4 Q and

; i(5A/div) i(5SA/div
i(5A/div)." \ : | il )\. .
i(2.5A/div) i io(2.5A/div) i i,(2.5A/div)
/ /
> i (2A/dv) i (1A/div) iw(1A/div)""
n(1000mpnvdiv) -~ > n(1000mpm/div).”" " n(1000mpm/div)""
T/(4ms/div) T/(4ms/div) / T/(4ms/div)
= P'evfraditional [ &urrents J Currents

(distribution metho

distribution with AAC
L A

RN\ (111 T0 s RO
i{(5A/diV) -~ e
i(5A/div) ~,

20>

iw(2A/div) -7 o
" n(1000rpmv/div )7

e e MIUPREPL IR U R |

1
T/(A00ms/div)

FIGURE 16 Experimental waveforms of direct current (DC) bus current switched by three methods of 7 = 500rpm without resistance load.
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FIGURE 17 Experimental waveforms of direct current (DC) bus current switched by three methods of 7z = 500rpm with Rj,q = 48.4 Q.
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Figure 18b shows the DC bus current values corresponding to
the three methods at different loads with 7 = 500rpm. The
experimental results show that the currents distribution with
AAC can improve the energy efficiency of the system in a wide
range of speed and load. On the one hand, when the load is
light, the currents distribution strategy is mainly used to reduce
the field current and reduce the loss, on the other hand, when
the load is heavy, the optimisation efficiency of torque current
ratio is mainly improved by AAC.

Then, in order to verify the influence of the optimisation
strategy proposed in this paper on the output performance of
the motor torque, the following experiments are conducted.
The effect of AAC method on torque ripple suppression is
verified at first. 7 is the torque ripple ratio defined in Equa-
tion (25), which is used to characterise the stability of the
motor torque output. Under the working conditions shown in
Figure 19, compared with SAC, the 7 is reduced from 1.75 to
1.05. It is proved that the proposed strategy is effective to
optimise the torque output.

H200rpm ® 400rpm ¥ 600rpm ' 800rpm M 1000rpm

5
4
< 3
3
=2
1
0

Tradltlonal Currents dlstrlbutlon Currents distribution

method method with AAC

In order to further verify the optimisation effect of cur-
rents distribution with AAC on the torque output stability.
Figure 20 verifies two working conditions respectively with
Ripaa = 00 and Rj,,q = 48.4 Q. Taking the Figure 20a as an
example, the traditional method produces significant torque
ripple during the commutation process and the torque ripple
ratio is 2.13. When the currents distribution strategy is adop-
ted, the output performance can be significantly optimised. On
this basis, the torque ripple ratio is further reduced by adopting
the currents distribution with AAC. The torque output stability
of DSEM is greatly optimised.

Finally, the dynamic performances are explored. Figure 21
shows dynamic results of currents distribution with AAC
strategy when the speed and load changes. In Figures 20a and
21b, there is a sudden change in the speed command value at
ty, after a regulating duration, the prototype DSEM re-operate
stably from t, under the new reference speed condition. In
Figure 21c,d, the load resistance varies at ¢, there is a sudden
load torque change for DSEM, it is seen under the proposed

b o B 44Q B 240

L5
<
310
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Traditional ~Currents dlstrlbutlon Currents distribution
method method with AAC

96.8Q W 48.4Q

FIGURE 18 The measured direct current (DC) link currents under different speeds and loads. (a) Rj,.q = 48.4 Q. (b) 7 = 500rpm.
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FIGURE 20 Torque waveforms of control strategy switching comparison. (a) 7 = 500tpm, Rj,,q = 00. (b) 7 = 500rpm, Rj,q = 48.4 Q.

control strategy, satisfactory dynamic performance of load
torque changing can be achieved as well.

6 | CONCLUSION

To solve the problems of large power loss and non-negligible
torque ripple caused by the conventional DSEM SG startup
control method, based on the established finite element power
loss calculation model, this paper proposes a currents distri-
bution strategy with advanced angle commutation to improve
DSEM SG startup performance. The exhaustive experiments
validate the following.

@

(i)

(iif)

The currents distribution strategy can reduce the loss of
the DSEM SG system over wide ranges of motor speed
and load torque conditions, and the application of cur-
rents distribution with AAC strategy can further improve
system efficiency.

In addition to suppressing the cogging torque ripple
with distributed currents, the application of currents
distribution with AAC can further reduce the commu-
tation torque ripple and improve the output torque
amplitude.

Under the proposed control strategies, satisfactory DSEM
SG startup performance can be achieved under both
steady and dynamic processes.
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