
1986 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 2, FEBRUARY 2026

Loss Minimization Method Based on Three-Phase
Asymmetric Control for Doubly Salient

Electromagnetic Generation Systems
Guilu Min , Student Member, IEEE, Yanwu Xu , Member, IEEE, Shuye Ding ,

and Zhuoran Zhang , Senior Member, IEEE

Abstract—A loss minimization method based on three-phase
asymmetric control is proposed for doubly salient electromagnetic
generator (DSEG) systems. The three-phase magnetic circuit of
DSEG is asymmetrical because of the parallel structure of the
stator poles. The DSEG has the problems of uneven flux density
distribution and partial oversaturation. Iron losses are not uni-
formly distributed in the core and difficult to analyze and calcu-
late. According to the load resistance and conduction angle, the
fundamental and harmonic distribution characteristics of the flux
density of the core are obtained, and accurate iron loss calculation
is realized. The three-phase armature currents in DSEG are also
asymmetrical in the armature windings, so the copper losses are not
uniformly distributed. In addition, the loss composition of DESG
is analyzed, and an online method to calculate copper and iron
losses is proposed. The three-phase asymmetric control method is
implemented with the copper and iron loss models, and the opti-
mum conduction angle and optimum asymmetric conduction angle
are determined through the perturbation observation method. The
proposed method is proven to be effective through experiments.

Index Terms—Active rectifier, doubly salient electromagnetic
generator (DSEG), iron loss model, loss calculation, three-phase
asymmetric control.

I. INTRODUCTION

THE doubly salient electromagnetic generator (DSEG) has
no windings on the rotor and possesses a simple structure,

robustness, and reliability [1]. The inclusion of the field winding,
which results in flexible field regulation capability, gives this
generator another advantage over permanent magnet motors
[2]. Doubly salient machines have been applied in wind power
generation systems and in aircraft applications [3]. However, the
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existence of the field winding reduces the efficiency of DSEG.
Therefore, DSEG losses must be calculated and analyzed to
improve efficiency.

Extensive research has been conducted on efficiency op-
timization control for asynchronous and permanent mag-
net/hybrid excitation synchronous motors. A loss minimization
control method for wound-rotor synchronous machines was pro-
posed in [4] to address severe heating in armature windings due
to excessive current. In this method, the controllable electrical
loss function is derived by simplifying the equivalent circuits
and considering the time derivative of the field current. Then,
the optimum d-axis current for minimizing losses is determined.

Overload conditions in asynchronous motors significantly
affect electromagnetic parameters and losses. The impact of
overloading on electromagnetic parameters and loss character-
istics was comprehensively analyzed in [5]. Loss distributions
in copper and iron were determined using advanced loss cal-
culation models, incorporating the effects of skin effect and
magnetic saturation. An optimized current control method was
proposed for hybrid excitation motors [6]. This method ensures
that torque and speed requirements are met with minimal copper
consumption by extending the Lagrange multiplier optimization
algorithm. Nevertheless, these models cannot be applied to
DSEG systems due to structural differences.

In [7], the effect of material magnetic properties on motor
efficiency and iron losses in a switched reluctance machine
(SRM) was investigated with various non-oriented steels as the
core materials. Different parts of SRM exhibit different magnetic
flux density. Thus, iron losses were estimated with distinct equa-
tions based on flux density waveform classification. Although
this method improves accuracy, it depends on empirical data
and lacks general applicability. Current efficiency optimization
techniques focus on two main areas: loss model control [8]
and search techniques [9]. Iron losses, a significant component
of overall losses, substantially impact efficiency and dynamic
performance metrics. In [10], a dynamic simulation model of
SRM was developed by considering the iron loss and interphase
mutual inductance of the motor, and favorable results were
obtained. A nonlinear lumped-parameter model was proposed to
analyze SRM iron losses [11]. In [12], the iron losses are equated
to eddy current loss resistance and hysteresis loss resistance.
In addition, the model derives the variation of iron loss with
respect to time. Nevertheless, the methods proposed in [11]
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and [12] require extensive experiments to determine the relevant
parameters in the nonlinear parametric model.

In [13], a three-phase nine-state control method for DSEG
systems was introduced. The relationship between conduction
angle and phase current was systematically analyzed. Addi-
tionally, the influence of conduction angles on phase current
variations was described in detail. Meanwhile, self-tuning con-
trol of advance angles was proposed based on advanced angle
control in [14]. The appropriate advance angle was selected to
improve the output torque and compensate for the imbalance of
the three-phase current waveform. DSEG was divided into eight
sections, and the flux density of each section was analyzed in
detail [15]. An iron loss model was developed by examining the
magnetic field distribution. On the basis of the variation rule of
flux density, a core-loss coefficient determination method was
proposed in [16], and the model for calculating the core loss
under high-speed DSEG operation was improved. Meanwhile,
in [17], the characteristics of hollow conductor ac losses were
analyzed, and an AC loss model was established to quickly
calculate the ac losses of different structures. However, the
aforementioned methods are optimized from the DSEG design
perspective.

On the basis of angular position control (APC), conduction
angles were connected to a copper loss optimal conduction angle
trajectory in [18]. The loss of DSEG mainly included copper,
iron, friction, and wind age losses. However, it targets low-speed,
high-load conditions and ignores other losses. In [19], the losses
of a DSEG system based on APC were studied, including varia-
tion trends. An efficiency optimization control method based on
APC (EOAPC) with the Bayesian optimization–random forest
model was proposed. EOAPC is based on the iron loss model to
select the conduction angle that minimized the integrated loss.
Though various losses were analyzed, magnetic flux density
was not studied in detail. Artificial intelligence algorithms and
extensive simulations were used, but the three-phase imbalance
caused by parallel poles was ignored. Therefore, the calculation
model lacks accuracy.

A loss minimization method with asymmetric control is pro-
posed for the DSEG system based on an active rectifier. The
iron loss model is optimized based on flux density distribution.
The iron losses of the fundamental and harmonic components
are calculated separately. In addition, copper and iron loss
compositions are analyzed in detail. Accordingly, a three-phase
asymmetric control method is implemented. Experiments were
conducted on the DSEG system to validate the effectiveness of
the proposed method. The main contributions are summarized
as follows.

1) Accurate iron loss calculation model based on the effects
of load resistance and conduction angle on magnetic flux
density.

2) Considering the asymmetric three-phase structure of
DSEG and its uneven loss distribution, a loss model is
proposed and its accuracy is experimentally verified.

3) The optimal control of efficiency is realized based on the
loss model, and the optimal conduction angle and asym-
metric conduction angle are determined by the perturba-
tion observation method. Compared with the existing loss

Fig. 1. Structure and cross section of the DSEG.

Fig. 2. DSEG systems with active rectifier.

optimization methods, the proposed method can improve
the efficiency of the DSEG system more effectively.

The rest of this article is organized as follows. In Section II,
the control methods of DSEG are analyzed and compared,
and the loss components of DSEG are analyzed in detail. A
model for calculating iron loss is developed based on the flux
density characteristics. In Section III, a DSEG loss optimization
method based on three-phase asymmetric control is proposed. In
Section IV, experiments are performed to verify the performance
of the proposed method. Finally, Section V concludes this article.

II. CONTROL METHODS FOR DSEG SYSTEMS

The structure and cross section of three-phase 12-/8-pole
DSEG are illustrated in Fig. 1. The stator and rotor have a salient
pole structure, and the rotor has no windings and permanent
magnets. The armature and field windings on the stator are
concentrated windings. In DSEG, one set of field windings is
shared by three stator poles. The stators have a parallel pole
structure and generate two pairs of magnetic fields. Therefore,
the three-phase magnetic circuit is asymmetrical. This special
construction results in an uneven distribution of DSEG armature-
winding and rectifier-bridge losses.

A. Active Rectifier for DSEG Systems

A conventional diode rectifier (DR) is simple to control, easy
to implement, and reliable. However, DR circuits lead to low
output voltage and power from DSEG. In addition, during load
operation, the armature reaction reduces the amount of change
in the phase flux linkage, making the external characteristics
soft. As illustrated in Fig. 2, the field winding is linked to the
asymmetric H-bridge. The armature winding is linked to the
three-phase converter. Output power is attained by regulating
the conduction state of the three-phase converter switches. The
active rectifier controls the switches appropriately, allowing the
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Fig. 3. Conduction logic of APC and corresponding inductance waveforms.

armature current to vary within corresponding intervals. As a
result, the negative effect of phase change is reduced, and the
output power increases. Active rectifier control methods for
DSEG systems mainly include APC and pulse width modulation
control. In DSEG systems, high output voltage and power are
obtained with APC method.

In DSEG, flux linkage ψ can be expressed as

⎡
⎢⎢⎣
ψa

ψb

ψc

ψf

⎤
⎥⎥⎦ =

⎡
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ic
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⎤
⎥⎥⎦ (1)

where Lx is the self-inductance of the x-phase windings, Lxy

is the mutual inductance between windings, ip is the p-phase
armature current, and if is the field current. Given the special
structure of DSEG, the armature and field windings are highly
coupled. Therefore, the mutual inductance of the field and arma-
ture windings is large. The mutual inductance of the three-phase
windings is small and negligible.

Fig. 3 illustrates the conduction logic of APC and the corre-
sponding inductance waveforms. Lx can be divided into three
equal-width parts in each electrical cycle of the simplified
model of DSEG. With Phase A as an example, when La is
in the ascending interval, the insulated-gate bipolar transis-
tor (IGBT) attached to the upper bridge arm is turned ON

for β°. When La is in the descending interval, the IGBT at-
tached to the lower bridge arm is turned ON for β°. When
La is in the constant interval, IGBT is turned OFF. The APC
method enhances the output power by increasing the armature
current.

B. Three-phase Asymmetric Control

Due to the inherent structural characteristics of the DSEG,
the loss distribution among the three-phase windings tends to
be uneven. This uneven distribution may lead to localized core
saturation, excessive temperature rise, and a reduction in sys-
tem reliability. To address this issue, a three-phase asymmetric
control method is introduced by independently adjusting the
conduction angles of the IGBTs in each phase.

Fig. 4. Conduction logic of asymmetric control and corresponding inductance
waveforms.

Fig. 4 illustrates the conduction logic diagram under the
proposed three-phase asymmetric control strategy. Unlike con-
ventional methods, this method introduces phase-specific con-
duction angles (denoted as Δβ1 to Δβ6). By customizing the
conduction timing based on the individual magnetic field and
current characteristics of each phase, the loss distribution among
the windings can be effectively optimized. This will reduce
localized magnetic saturation and lower phase current stresses.
Consequently, the operational efficiency and reliability of the
DSEG system are significantly enhanced.

Fig. 5 illustrates the conduction mode diagrams for the La

ascending interval. The commutation process occurring during
the inductance falling stage weakens the energy conversion capa-
bility of the system and increases overall losses [20]. In Fig. 5(a),
T1 and T2 are turned ON, and current passes through phases A
and C. In Fig. 5(b), T1 is turned OFF in advance. Turning OFF

the upper- arm IGBT reduces negative current amplitude, which
in turn decreases the current commutation zone. The efficiency
of the DSEG system is improved by three-phase asymmetric
control.

III. LOSS MINIMIZATION MODEL

The DSEG loss is mainly composed of copper loss PCu,
iron loss PFe, mechanical loss Pm, and stray loss PΔ. Pm is
generated by friction from the bearings, wind resistance, and
other factors.PΔ andPm are mainly affected by operation speed
n. From the control perspective, no other measures can further
reduce DSEG loss. Therefore, mechanical and stray losses do not
need to be included in the loss model. Efficiency is improved
mainly through asymmetric control, thereby reducing copper
and iron losses.

A. Analysis of Iron Losses in the DSEG System

Iron loss consists of hysteresis loss Ph, eddy-current loss Pc,
and excess loss Pe in [21]. In accordance with Bertotti’s iron
loss model, PFe can be presented as

PFe = Ph + Pc + Pe

= khfB
2 + kcf

2B2 + kef
1.5B1.5, (2)
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Fig. 5. Three-phase asymmetric conduction mode. (a) T1 and T2 are turned
ON. (b) T1 is turned ON, T2 is turned OFF).

where kh, kc, and ke are the coefficients of hysteresis, eddy-
current, and excess losses, respectively, and B and f are the
amplitude and frequency of flux density, respectively. Given
that the flux density waveform of the DSEG system is not
sinusoidal. Therefore (2) does not apply to the DSEG system.
Therefore, the flux density waveform is expanded in the Fourier
series, and the nonsinusoidal waveform is expanded as a sum
of fundamental and multiple harmonics. The iron loss model is
calculated separately for fundamental and harmonic iron losses.
A-phase flux linkage ψa in the DSEG system can be presented
as follows:

ψa = Nφa = NSBa = Laf if + Laia (3)

where N is the number of turns of windings, ψx is x-phase
magnetic flux, Bx is x-phase flux density in the stator core, and
S is the cross-sectional area. ia can be presented as

ia =
ea − eb
R

(4)

where ex is the x-phase back-EMF, and R is the load resistance.
Introducing (4) into (3) yields

NSBa = Laf if + La
ea − eb
2R

. (5)

ex can be presented as

ea =
dψ

dt
= NS

dBa

dt
. (6)

In the DSEG system

dBa

dt
= −dBb

dt
. (7)

Introducing (6) and (7) into (5) yields

NSBa = Laf if +
LaNS

2R
· dBa

dt
. (8)

After solving differential (8), Ba can be presented as

Ba(t) = C · e(− 2Rt
La(θ(t)) ) +

Laf (θ(t)) · if
NS

(9)

where C is a constant. To simplify the calculation, it is idealized
that the inductance varies linearly, and Laf can be expressed as

Laf (θ) =

⎧⎨
⎩

kθ + b,
−kθ + 240k + b

b,
,
0◦ ≤ θ < 120◦

120◦ ≤ θ < 240◦

40◦ ≤ θ < 360◦
. (10)

Ba consists of Ba1 andBa2

Ba(t) = Ba1(t) +Ba2(t)

Ba1(t) =
Laf (θ(t)) · if

NS

Ba2(t) = C · e(− 2Rt
La(θ(t)) ). (11)

A Fourier decomposition is performed on Ba

Ba(t) =
a0
2

+
∞∑

n=1

[an cos(nωet) + bn sin(nωet)]

an =
2

T

∫ T

0

Ba(t) cos(nωet)dt

bn =
2

T

∫ T

0

Ba(t) sin(nωet)dt (12)

where ωe is the angular velocity of the fundamental frequency;
an and bn are the Fourier coefficients representing the am-
plitudes of the cosine and sine terms, respectively; Bn is the
amplitude of the n-th harmonic, which can be expressed as

Bn =
√
a2n + b2n. (13)

The analyses are performed separately for Ba1 andBa2. For
Ba1, Laf (θ) is a periodic function and can be represented by
Fourier decomposition as follows:

Laf (θ(t)) =
∞∑

n=0

Kn cos(nωet+ φn) (14)

where Kn is the amplitude of Laf ’s nth harmonic, φn is the
phase angle of Laf ’s nth harmonic

Ba1(t) =
if
NS

∞∑
n=0

Kn cos(nωet+ φn). (15)

The amplitudes of the fundamental and harmonic components
of Ba1 are positively correlated with if .
Ba2 can be approximately equivalently expressed as

Ba2(t) ≈ C · e(− 2R
<La> t) (16)
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where, 〈La〉 is the average value ofLa (θ). Applying the Fourier
transform to Ba2 yields

F{Ba2} = C · 2R/ < La >

(2R/ < La >)
2 + (2πfn)

2 (17)

where fn is the frequency of the nth harmonic.
Since La is small

2R

< La >
� 2πfn. (18)

Accordingly, the amplitude of the nth harmonic of Ba2 is
positively correlated with 1/R

Ba2
n ∝ 2R/ < La >

(2R/ < La >)
2 =

< La >

2R

Ba2
n ∝ 1

R
(19)

where Ba2
n is the nth harmonic of Ba2.

Based on the above analysis, the amplitude of the nth har-
monic of Ba1 is

Ba1
n =

if
NS

Kn. (20)

The amplitude of the nth harmonic of Ba2 is

Ba2
n =

C√
(2R/ < La >)

2 + (2πfn)
2
. (21)

The total harmonic amplitude Btotal
n can be expressed as

Btotal
n =

√
(Ba1

n )2 + (Ba2
n )2

=

√√√√√
(
ifKn

NS

)2

+

⎛
⎝ C√

(2R/ < La >)
2 + (2πfn)

2

⎞
⎠

2

.

(22)

A conclusion that can be derived is that flux density is mainly
related to field current and load resistance. R significantly affects
the harmonic amplitude, but has little effect on the fundamental
component of flux density. if linearly increases the fundamental
and harmonic amplitudes of the flux density. The magnetic field
at the core of DSEG is analyzed under different field currents.
The flux density in the DSEG is mainly distributed in the stator
and rotor teeth. The flux density in the stator and rotor yokes is
very small and produces negligible iron losses. When the stator
and rotor teeth are aligned, the flux density in the teeth can
be idealized as the same. When not aligned, the flux density
can be considered as zero. Since the flux density waveform
is not sinusoidal, Fourier analysis is required. The nonsinu-
soidal waveform is expanded into a sum of the fundamental
and multiple harmonics. The flux densities are obtained from
no-load finite element simulations [see Fig. 6] and analyzed by
Fourier transform. The fundamental amplitude of the flux den-
sity increases with the field current. Since iron loss is positively
correlated with both the frequency and amplitude of the flux
density, an increase in the fundamental amplitude consequently
leads to higher iron losses. The flux density contains significant

Fig. 6. Fourier transformation results for amplitudes of A-phase flux densities
under no-load. (n = 4000 r/min).

Fig. 7. Fundamental amplitude of the flux density and iron loss under different
load resistances for the DSEG system. (if = 3 A).

harmonic components, especially under high field current condi-
tions. The fundamental component dominates, while harmonics
component still contributes notably to flux density, indicating the
necessity of considering harmonic losses in iron loss evaluation.
The iron losses incurred at different frequencies are given as

PFe−density =

N∑
n=1

(
khfnB

2
n + kcf

2
nB

2
n + kef

1.5
n B1.5

n

)
(23)

where N is the highest number of harmonics of Fourier transform
andBn is the magnitude of flux density at the nth harmonic. The
fundamental amplitude of flux density is modeled and the fun-
damental iron loss is calculated for different load resistances, as
illustrated in Fig. 7. Although the armature current has a notable
influence on the fundamental amplitude of the flux density, its
quantitative effect is difficult to evaluate. Therefore, the impact
of load resistance on the fundamental amplitude is analyzed in-
stead, as the relationship is more tractable and indirectly reflects
the variation of armature current. The results indicate that the
fundamental amplitude and the corresponding iron loss increase
with higher load resistance. This model enables the estimation
of the fundamental flux density amplitude under different load
conditions. With (2), the corresponding fundamental iron loss
can be calculated. When the load resistance approaches 80Ω,
flux density approaches saturation. At this point, the fundamen-
tal amplitude increases slowly. A Fourier decomposition was
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Fig. 8. Total harmonic content at different speeds. (if = 3A) (a) n =
4000 r/min. (b) n = 5000 r/min.

Fig. 9. Harmonic iron loss model. (if = 3 A).

performed on the flux density waveform, and the total harmonic
distortion was calculated up to the eighth harmonic

THD =

√∑8
n=2B

2
n

B1
(24)

where B1 is the amplitude of the fundamental component of
the flux density, Bn are the amplitudes of the second to eighth
harmonic components. The analysis is carried out by analyzing
the total harmonic content at different operating conditions as
illustrated in Fig. 8. For the same operating conditions, the larger
the conduction angle, the larger the total harmonic content.

As illustrated in Fig. 9, the harmonic iron loss model is cal-
culated by (2). It is derived by multiplying the frequency by the
corresponding multiplier and then multiplying by the harmonic
value. Harmonic iron loss is proportional to the conduction
angle. The higher the speed is, and the larger the harmonic iron
losses are. Iron losses can be calculated with the fundamental
and harmonic iron loss models.

B. Copper Loss Analysis

The copper losses in the DSEG system are mainly composed
of armature-winding copper losses PCu−p and field-winding
copper losses PCu−f . For the individual windings, internal
resistance rx can be obtained by measurement. Therefore, the

Fig. 10. Copper loss and field current under different operating conditions.

total copper loss (PCu) can be presented as

PCu = PCu−p + PCu−f = ia
2ra + ib

2rb + ic
2rc + if

2rf
(25)

where ix is the three-phase armature current. The variation in
copper loss is mainly affected by the variation in armature and
field currents. The armature-winding and field-winding equiva-
lent resistances are made constant by default without considering
the slight effect caused by the temperature rise.

As illustrated in Fig. 10, DSEG is simulated at 4000 and
5000 r/min, 1 and 3 kW, and different conduction angles.
Compared with DR control, APC can effectively lower the field
current at the same speed, load, and busbar voltage. At the same
speed and conduction angle, the higher the load is, the higher
the armature and field currents are, resulting in high copper
losses. The lower the speed is, the higher the copper loss is
for the same load. At low speeds, a high field current is required
to maintain the same output power. As the conduction angle
increases, armature current gradually rises, and field current
gradually decreases. APC reduces the copper loss in the field
winding but increases the armature-winding copper loss. The
total copper loss decreases and then increases as the conduction
angle increases. Under the same operating conditions, APC
reduces the field current, which reduces the magnitude of the
dc bias field and ultimately decreases the iron losses. Therefore,
a conduction angle that minimizes the total loss exists. The use
of the APC method can effectively increase the output capacity
of the DSEG system.

C. Loss Minimization Method Based on Asymmetric Control

According to the analysis, the total losses tend to decrease
and then increase as the conduction angle increases. Based on
this observation, a loss minimization method based on three-
phase asymmetric control is proposed. The technical route of
the proposed control method is illustrated in Fig. 11. Based on
the measured rotational speed, load resistance, field current, and
three-phase armature currents, the corresponding iron losses can
be obtained through the fundamental and harmonic iron loss
models. The rotational speed is measured by a speed sensor
and the current is measured by a current sensor. The copper
loss is calculated by (25). Subsequently, the conduction angle
β is incremented in 5° steps, and at each interval, the loss is
recalculated based on the experimentally measured parameters.
The corresponding resistances of the armature winding (rp) and
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Fig. 11. Flowchart of loss minimization method based on three-phase asym-
metric control.

TABLE I
PARAMETERS OF THE DSEG

the field winding (rf ) are inherent parameters of the DSEG, and
their values are listed in Table I. On the basis of the perturbation
observation method, the optimal β and Δβ that minimize the
loss are determined.

When Pi > Pi+1, the conduction angle continues to in-
crease. When Pi < Pi+1, the loop terminates, and the corre-
sponding β is outputted. The root-mean-square (RMS) values of
the three-phase armature currents, iprms, at this conduction angle
are calculated separately. iarms, ibrms, and icrms are arranged in
order. The phase with the largest RMS armature current is
defined as pmax, and the phase with the lowest RMS armature
current is defined as pmin. Δβ starts at 0° and increases by 1°
per cycle. The pmax-phase IGBTs conduct for β+Δβ. The pmin-
phase IGBTs conduct for β-Δβ. The RMS of the three-phase
armature currents and mean square error e are calculated

e =

∑n
i=1 (iprms − irmsmid)

2

3
(26)

where irmsmid is the median of the RMS value of the three-phase
armature current. Δβ should be further increased if e exceeds
20% . Δβ will be outputted if e is less than 20% . If iarms >
ibrms > icrms, the conduction angles of phases A and C must be
changed. iarms is presented as ibrms +m, and icrms is expressed
as ibrms-n. Therefore, the total copper loss under APC can be
given as

PCu−APC=(ibrms+m)2ra+ibrms
2rb+ (ibrms− n)2rc+ if

2rf

=
(
ibrms

2ra + ibrms
2rb + ibrms

2rc + if
2rf

)
+ (2mibrms +m2)ra + (−2nibrms + n2)rc (27)

Fig. 12. Control scheme of the proposed method.

With three-phase asymmetric control, iarms and icrms can be
approximately equal to those of phase B. Given that the aver-
age value of the three-phase armature current RMS does not
change considerably, if is almost constant. Therefore, copper
loss Pcu-AC under asymmetric control can be presented as

PCu−AC = ibrms
2ra + ibrms

2rb + ibrms
2rc + if

2rf . (28)

Equation (27) indicates that (2mibrms +m2)ra +
(−2nibrms + n2)rc > 0. Therefore, by using (27) and (28), we
can prove that PCu−APC > Pcu−AC. Three-phase asymmetric
control helps balance the armature currents, which effectively
reduces copper losses. In addition, three-phase asymmetric
control can slightly decrease the field current. Three-phase
asymmetric control has no effect on the load resistance,
and the variation in conduction angle can also be neglected.
Therefore, this control strategy slightly reduces the fundamental
iron loss while having minimal impact on the harmonic iron
loss. As a result, the overall iron loss can be reduced under
three-phase asymmetric control. This minimizes total losses
and avoids overloading single-phase windings. Fig. 12 is a
block diagram of the control strategy for a DSEG system. The
field current is controlled by voltage outer loop proportional
integral controller and current inner loop proportional integral
derivative controller. The purpose is to fix the bus voltage at 270
V. Parameters, such as speed, load, armature current, busbar
voltage, field current are collected through sensors so as to
calculate the losses according to the loss model. The β and Δβ
are optimized online via perturbation observation method to
derive the optimal conduction angle for three-phase asymmetric
control.

IV. EXPERIMENTAL VALIDATION

As illustrated in Fig. 13, an experimental platform is built
to validate the proposed loss minimization method with three-
phase asymmetric control. The parameters of the DSEG are
given in Table I. A torque transducer is installed in the experi-
mental platform so that the input power can be calculated. The
armature winding is connected to the three-phase full- bridge
rectifier. Active rectifier control and DR control are realized
with the three-phase full-bridge rectifier. The three-phase cur-
rents are collected by current sensors, and the field current is
generated by a dc power source. The magnitude of the field
current is controlled by the asymmetric H-bridge, and the field
current is collected by a current sensor. In addition, closed-loop
control of the output voltage is realized using this experimental
platform. Busbar voltage is maintained at 270 V. The computer
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Fig. 13. Experimental platform.

Fig. 14. Phase currents, field current with a diode rectifier (3 kW load). (a) n
= 4000r/min. (b) n = 5000 r/min.

communicates with the digital signal processor in real time
to achieve loss-minimizing control of the conduction angle.
Different working conditions are set, parameters are gathered,
and efficiency is calculated.

In the experiment, several common operating conditions were
chosen to verify the validity of the proposed method. The
conventional method and the proposed method are examined
within the range of 4000–5000 r/min. DR control, EOAPC, and
three-phase asymmetric control are compared experimentally.
The input power of DSEG, P1, can be presented as

P1 = Tω =
Tn

9550× 103
(29)

where ω is the rotor angular speed and n and T are the speed and
torque on the shaft, respectively. The input power of the whole
DSEG system,Pin, is the sum of DSEG input power P1 and field
current power Pf . Thus, efficiency η can be presented as

η =
P2

P1 + Pf
(30)

where P2 is the output power of the DSEG system.
The experimental waveforms and corresponding conditions of

the DSEG system at a constant speed of 4000 r/min are presented
in Figs. 14–18 and Table II. The control methods are compared,
including the DR control method, EOAPC method, and the
proposed method. Two load conditions, 24.3 and 18.225 Ω,
were tested. The optimal conduction angle, and its compensation
value Δβ were adjusted for the proposed method to optimize
performance. Table III gives the corresponding efficiency and
current data under the same operating condition. Compared

Fig. 15. Armature currents, field current, and control signals with EOAPC (n
= 4000 r/min, 3 kW load, β = 30°).

Fig. 16. Armature currents, field current, and control signals with three-phase
asymmetric control (n = 4000 r/min, 3kW load, β = 30°, Δβ = 5°).

Fig. 17. Armature currents, field current, and control signals with EOAPC (n
= 4000 r/min, 4 kW load, β = 35°).

Fig. 18. Armature currents, field current, and control signals with three-phase
asymmetric control (n = 4000 r/min, 4kW load, β = 35°, Δβ = 3°).

with the DR and EOAPC, the proposed method achieves higher
efficiency, reaching 90% and 92% under the two load conditions.

Fig. 14(b), along with Figs. 19–22 and Table IV present the
experimental results of the DSEG system at a constant speed of
5000 r/min under different control methods. Compared with the
DR, both EOAPC and the proposed method improve efficiency
and current balance. The corresponding efficiency and current
data for the same operating conditions are presented in Table V.
Notably, the proposed method achieves higher efficiency (up to
91% ) and more uniform armature currents, especially under
heavy-load conditions.

In the experiment, the iron loss was obtained indirectly by
subtracting the measured copper loss and mechanical loss from
the total loss. The total loss is obtained by subtracting the output
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TABLE II
EXPERIMENTAL CONDITIONS OF THE DSEG SYSTEM (N = 4000 R/MIN)

TABLE III
EFFICIENCY OF THE DSEG SYSTEM (N = 4000 R/MIN)

Fig. 19. Armature currents, field current, and control signals with EOAPC (n
= 5000 r/min, 3 kW load, β = 25°).

Fig. 20. Armature currents, field current, and control signals with three-phase
asymmetric control (n = 5000 r/min, 3 kW load, β = 25°, Δβ = 5°).

power from the total input power of the DSEG system. The
copper loss was calculated based on the measured armature
current and winding resistance, while the mechanical loss was
estimated through no-load testing.

Fig. 23 illustrates the comparison between the iron losses cal-
culated with the proposed iron loss model and the experimentally
derived iron losses at different conduction angles. Both curves
show a clear decreasing trend as the conduction angle increases.
In addition, the calculated and experimental results agree very
well over the whole range, proving the validity and accuracy of
the proposed model. The model can be used for online iron loss
estimation and provides a theoretical basis for loss minimization
control in DSEG systems.

As illustrated in Fig. 24, the efficiency obtained by the differ-
ent control methods is compared. The histograms are zoomed in

Fig. 21. Armature currents, field current, and control signals with EOAPC (n
= 5000 r/min, 4 kW load, β = 40°).

Fig. 22. Armature currents, field current, and control signals with three-phase
asymmetric control (n = 5000 r/min, 4 kW load, β = 40°, Δβ = 8°).

TABLE IV
EXPERIMENTAL CONDITIONS OF THE DSEG SYSTEM (N = 5000 R/MIN)

TABLE V
EFFICIENCY OF THE DSEG SYSTEM (N = 5000R/MIN)

Fig. 23. Comparison of iron loss model calculation results and experimental
results (n = 5000 r/min).
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Fig. 24. Comparison of efficiency of different control methods.

for efficiencies between 85% and 93% . Compared with DR con-
trol, efficiency optimization control method based on APC, the
proposed method can effectively improve the efficiency of the
DSEG system, reduce the field current, and improve the ability
to carry loads. Three-phase asymmetric control that determines
the optimal conduction angle by the perturbation observation
method can further reduce the loss of the DSEG system. The
proposed method is effective in improving the efficiency by more
than 1% over efficiency optimization control method based on
APC under different operating conditions.

V. CONCLUSION

The loss minimization method based on three-phase asym-
metric control is proposed for the DSEG power generation
system. The three-phase magnetic circuit of DSEG is asym-
metric due to the parallel structure of the stator poles. The
DSEG suffers from uneven flux density distribution and partial
oversaturation. The iron loss is unevenly distributed in the
core, which is difficult to analyze and calculate. Comparing
with the existing control methods, this article fully considers
this three-phase uneven distribution problem. Furthermore, this
article introduces a new approach to calculating iron loss, which
is based on the study of the flux density distribution of the
DSEG iron core. The accuracy of iron loss calculation is veri-
fied. Loss minimization control is achieved by a computational
model based on iron and copper losses. The optimal conduc-
tion angle and the optimal asymmetric conduction angle are
determined by the perturbation observation method. It is exper-
imentally verified that the efficiency of three-phase asymmetric
control is higher than that of efficiency optimization control
method based on APC. In the future, the loss analysis process
will be further refined by combining temperature analysis and
the magnetic field behavior inside the motor core. The loss
calculation accuracy and optimization results will be further
improved.
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