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Synchronous Commutation Control of Doubly Salient
Motor Drive With Adaptive Angle Optimization

Zhangming Bian ", Zhuoran Zhang

Abstract—Due to the strong nonlinearity of the commutation
process of doubly salient motors fed by square-wave currents, it is
difficult to establish accurate models and design an appropriate
commutation control strategy to achieve satisfactory commuta-
tion performance. The synchronous commutation control method
is proposed to improve commutation control. By introducing an
additional angle loop to synchronize the zero crossings of the phase
current and the alignment of the core poles, the commutation angle
can be adaptively optimized without requiring the accurate model.
Also presented is a vector control scheme during the commutation
process to shape the trajectory of the current vector into a reg-
ular hexagon. Based on the linearized model of the commutation
process, the digital control law to synchronize the zero crossings
is designed with robustness considered. Finally, simulations and
experiments were conducted. The results show less commutation
torque loss with the method. Ultimately, the method provides a
high torque-to-current ratio and low-torque ripple at a wide range
of speeds.

Index Terms—Doubly salient motor, synchronous commutation
control (SCC), torque-to-current ratio, torque ripple, vector
control.

I. INTRODUCTION

DOUBLY salient machine (DSM) is a reluctance machine
A that is marked by a doubly salient core structure and
concentrated stator excitation [1], [2]. The absence of windings
or permanent magnets in the rotor ensures robust operation at
high speeds and also offers manufacturing convenience and low
cost. Thus, this machine has raised research interest for use in
aviation and electric vehicles.

Ideally, this machine is driven by a square-wave current [1],
[3]. However, when the speed is high, the inverter cannot provide
high enough di/d¢, and the current commutation process should
be considered. Then, there is a phase delay of current and a
decrease in the inner power factor of the motor. As a result,
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a commutation torque ripple is produced, and the torque-to-
current ratio is reduced.

The commutation angles are advanced to compensate for the
phase delay and weaken the resistance of back electromotive
force (EMF) to current alternation [3]-[5]. The commutation
process of a DSM is influenced by operating conditions, such as
speed, field current, and load torque. The advanced angles should
be optimized considering all variations. Angle optimization
methods (AOMs) are categorized into model-based and search-
based types. Model-based AOMs are carried out by building the
mapping relationships between the operation parameters and the
optimal advanced angle based on the model of the commutation
process. One approach is analytical: restrictions and optimiza-
tion goals are expressed by equations, and optimal solutions are
obtained by solving conditional extremum problems. However,
it is quite hard for the nonlinear DSM system to be expressed
and solved analytically; therefore, simplified linear models are
used [6], [7]. Another approach is numerical: the original data
are collected by a numerical simulation or prototype test [3], [4],
[71, and then, the optimization is carried out offline by numerical
algorithms, including an artificial intelligence algorithm [8].
When implemented in microcontrollers, model-based AOMs
need online calculation of functions or interpolation of lookup
tables. However, in practice, the motor usually cannot work at
the optimal point due to uncontrollable conditions, such as the
differences in motor characteristics caused by machining errors,
differences in parasitic inductances and resistances, temperature
variations, and material aging. In order to make the advanced an-
gle adaptive in practical applications, the optimal angles should
be automatically searched for by trial and error online. Com-
pared to model-based AOMs, search-based AOMs treat all un-
knowns as disturbances, and less model information is required.
However, an adaptive system should be established and modeled
that can effectively observe and optimize the performance index
by regulating angles in real time. A certain amount of model
information is still needed to design a loop controller so that the
system with the additional loop has desirable stability, steady
state, and dynamic performance. The model for a search-based
AOM is simpler and easier to build than for a model-based AOM.

The performance deterioration during commutation origi-
nates from the phase delay of current. Therefore, a reasonable
approach to implementing a search-based AOM is closed-loop
phase delay compensation (CLPDC). So far, few studies have
been conducted on the CLPDC of DSMs. We can draw in-
spiration from other synchronous machines. In sinusoidal syn-
chronous motors, the phase angle is fed back as the direction


https://orcid.org/0000-0002-8435-1080
https://orcid.org/0000-0001-9433-9328
https://orcid.org/0000-0002-1312-1464
mailto:951163479@qq.com
mailto:apsc-zzr@nuaa.edu.cn
mailto:yulipc@126.com
http://ieeexplore.ieee.org

BIAN et al.: SCC OF DOUBLY SALIENT MOTOR DRIVE WITH ADAPTIVE ANGLE OPTIMIZATION

of the current vector, and a CLPDC is naturally achieved by
conventional vector control. In brushless dc motors (BLDCMs),
CLPDC is based on the phase-locked loop technology [9],
[10]. In switched reluctance motors (SRMs), turn-ON angles are
adaptively advanced to compensate for the angle delay of the
current rising process [11]-[13].

Apart from the commutation angles, the three-phase current
should be well shaped during the commutation to reduce the
commutation torque loss. However, the phase winding of a
DSM is usually star connected and supplied by the full-bridge
inverter, with no neutral point connected. Hence, the three-phase
current usually cannot be controlled independently. Independent
controls can be realized by connecting the neutral point to
the bus split capacitors [3] or simply using three single-phase
inverters, but these require, respectively, additional capacitor
charge control and power switches. Due to the similarity in the
current shape and converter topology, the commutation control
of BLDCMs can be consulted. It has been reported that the vector
control based on the coordinate transform theory can shape the
current well and improve commutation of the BLDCM [14].
However, since a DSM has unbalanced nonlinear three-phase
inductance and back EMF, the voltage vector should be carefully
selected to shape the three-phase current and provide a large
di/dt, especially when the commutation duration is long.

This article proposes the synchronous commutation control
(SCC) method, through which the phase delay is adaptively
compensated, and the three-phase currents during the commu-
tation are well shaped. The electrically excited DSM is studied
in this article, but the method can be extended to the permanent
magnet DSM. The presentation starts with the one-phase case
in Section II, where the mathematical model of the commuta-
tion process is analyzed and the search-based optimization of
advanced angle is discussed. Then, in Section III, the work is
extended to the three-phase case, and the vector control strategy
is presented. In Section IV, the closed-loop digital control law
is designed based on the linearized model. The implementation
and verification are shown in Sections V and VI, respectively.
Conclusion is given in Section VII.

II. SINGLE-PHASE ANALYSIS OF THE COMMUTATION, ANGLE
CONTROL, AND SYNCHRONIZED ZERO CROSSING

A. Mathematical Model of the Commutation Process

Since the mutual inductance between the phase windings of
a DSM is small, the current of each phase can be controlled
independently. In this section, the commutation is analyzed
without taking into consideration the mutual influence between
phases.

Fig. 1 shows the simplified single-phase structure of the DSM.
Ignoring the saturation, the flux linkage of the phase winding is
expressed as

Up (ipyig, ) = Ly (0) ip (6) + Ly (0) 5 () (D)

where 1, (p denotes a, b, or ¢ in three-phase motors) is the flux
linkage of the phase winding, € is the electric angle of rotor
position, i, is the phase current, iy is the field current, L, is
the self-inductance of the phase winding, and L, ¢ is the mutual
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Fig. 1.  Simplified single-phase structure of the DSM.

inductance between the phase winding and the field winding.
L,y can be linearized as

kLpr + Lpfmaxa _277/3 <0 <0
Lps (0) = § —krps0 + Lptmax, 0 <0< 2m/3 2)
Lptmin, otherwise
where
krpr = (Lptmax — Lptmin) / (27/3) 3)

where Lpfmax and Lpgmin are the maximum L,y and minimum
L, ¢, respectively. The relationship between L, and L, is

Ly~ LpyNp/Ny @

where N, is the turn number of the armature coil, and N is the
turn number of the field coil. The phase torque is expressed as

1
T, = iigde/dﬂm +ipifdLyp/dOm = Tpr +Tpp  (5)

where 6,,, = N,.0 is the mechanical angle of rotor position, and
N, is the pole number of the rotor. The first term T, is the
reluctance torque, which is usually ignored in analysis [1]. The
second term 7T}, s is the excitation torque.

The ideal L, is the triangular wave with flat bottom shown in
Fig. 2(a). According to the value of dL, s /d6 under the different
0, the electric cycle is divided into three regions. When 6 € (,
—27/3) U 2x/3, ), dL,s/df is 0, so no torque can be produced
by the phase current. When 6 € (—27/3,0), dL,,; /d6 is positive,
so the positive current can produce positive excitation torque.
When 6 € (0, —27/3), dL,;/df is negative, so the negative
current can produce positive excitation torque. The ideal square-
wave current is shown in Fig. 2(a).

Ignoring the voltage drop across the resistance and assuming
that the field current is constant, the voltage equation of the phase
winding is

dip, di,  dL, . dL
= — = L _— _—
YT “’( vae T ae T g
= Cpt + Cpr + Cpf (6)

where u,, is the voltage of the phase winding, w is the angular
velocity that is defined by d6/dt, e, and e, are the rotational
EMFs, and ey, is the transformer EMF.

Fig. 2(b) shows the waveforms with the commutation process,
where the current has seven states that are divided by the seven
commutation angles con, Yons Qrvss Vrvss Brvss Qoffs and Yor.
State 2 is the turn-ON commutation, states 4 and 5 are the turn-
reverse commutation, and state 7 is the turn-OFF commutation.
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Fig. 2. Controlled current waves. (a) Advanced angle = 0, ideal square-
wave current. (b) Advanced angle = 0, considering the current commutation.
(c) Controlled advanced angle, considering the current commutation.

By rearranging (6), the current changing rate becomes
dip/df = (up — epr — €py) / (WLp) - (7

During the commutation process, u,, should be controlled as
the maximum or minimum for fast commutation. Usually, the
voltage u,, is limited to the range [—U, U] by the dc-bus voltage
U. At high speed, the voltage difference between the dc-bus
voltage and the rotational EMF is small, and the commutation
reactance wL,, is large. Therefore, it is hard for the current to
alternate at high speed. The torque loss of the commutation,
marked by the shaded area in Fig. 2(b), is large when the
commutation time is long.

B. Advanced Angle Control

Fig. 2(c) illustrates the advanced angle control. The commu-
tation angles are advanced to compensate for the phase delay
and help the current alternate. With the advanced angle, the
commutation reactance and back EMF are lower. There are three
commutation angles to be controlled: the advanced-ON angle
Qon, the advanced-reverse angle a,.s, and the advanced-OFF
angle o

The advanced-ON angle is controlled in a similar manner as the
turn-ON angle control of SRM [11]-[13]: a,, should compensate
for the angle delay of the current rising process. The expected

Qo that ensures von = —27/3 is solved by
7277( — Qop = wp (Ip,if,727l'/3) 711)17 (Oaifvaon) (8)
3 Ujw

where I, is the chopping limit of the phase current.

By comparing Fig. 2(b) and (c), it can be seen that any advance
of a, results in the loss of torque. To avoid this, a,g is set to
be 27/3.
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The control of «,ys is the most important because the turn-
reverse commutation suffers from the large inductance and direc-
tion change of the back EMF. Fig. 3 shows the three-dimensional
(3-D) ideal ¥)—i—6 curves of different a.,s under the front view,
left view, and top view. The area S;, enclosed by the ¢—i curve
equals the energy converted by the electromechanical process in
one electric cycle

Siz/) = %Zpd¢p = 27"'Tpave/JV'r 9

where T},av. is the single-phase average torque. The area S;y
is proportional to T},,v.. Commutation torque loss is marked by
the shaded area on the lower right of Fig. 3.

C. Synchronized Zero Crossing

An appropriate o,y can reduce the torque loss and torque
ripple. Properly choosing a5 is a multiobjective optimization
problem. The analytical solution of the exact optimal a5 can
hardly be deduced using a nonlinear model. Nevertheless, the
optimal solutions satisfy the condition 7,5 ~ 0, for the follow-
ing reasons.

1) Fig. 2 shows that no negative T}, is produced when 7;ys

= 0, which means the torque ripple is small.

2) Fig. 3 shows that the torque loss is small when 7,5 = 0.

Based on the judgment that o, is approximately opti-
mal when ,,s = 0, the multiobjective optimization problem is
transformed into a control problem with the optimal reference
Yrvs = 0.

During the turn-reverse commutation, with u, = —U and
boundary conditions substituted into (7), %, is solved as

ip = (“Ub/w —igLys (0) + Cip) [Lp () (10)
Cip = Uarvs/w + wp (Ip7 Zfa arvs)
= U’Yrvs/w+wp (Oaifvfyrvs)~ (11)

Equations (10) and (11) are linearized according to (1)—(4),
and the mathematical relationship between a,,s and s iS
solved as

_ [kw (IP7 Z-f) + U/w] Qyys + meaxlp

Yrvs = - (12)
(Yevs/ |evsl) ik Lpy + Ufw
where k,; is defined by
. (meax - mein) Ip + (Lpfmax - Lpfmin) Zf
ky (1 = .
(0 ( P> Zf) 27‘(‘/3
(13)
When 7,5 =~ 0, (12) becomes
ky (Ip,if) +U/w LpmaxIp
rvs R rvs 14

III. THREE-PHASE SCC
A. Vector Control Strategy

The single-phase commutation control in the previous sec-
tion can be extended to the three-phase case. Fig. 4 shows
the simplified 3-slot/2-pole structure of the three-phase DSM.
Considering the constraint ¢, + 75 + 7. = 0, Fig. 5 illustrates the
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Fig. 4. Simplified 3-slot/2-pole structure of the three-phase DSM.
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Fig. 5. Linearized current waveforms of the three-phase SCC.

desired three-phase current with the optimized commutation.
The current zero crossings are all synchronous with the peak
inductances. Each of the three-phase currents reaches I, when
the inductance starts to rise, crosses 0 when the inductance is
the maximum, and leaves —1I,, when the inductance reaches the
minimum. The turn-ON commutation of .. is in parallel with the
front half of the turn-reverse commutation of 7;, and the latter
half of the turn-reverse commutation of 7, is in parallel with the
turn-OFF commutation of 7.

The constraint ¢, + 7 + ¢ = 0 defines the 2-D control plane
in the three-phase Cartesian coordinate system. Fig. 6 illustrates
the relationship between the current vector, the phase voltage
vector, and the back EMF vector on the control plane during
the commutation process, where 4 = (i, ip,%.) is the current

Fig. 6. Vector diagram of the control plane with the hexagonal current vector
trajectory. The vectors of the turn-ON commutation are marked by solid arrows.
The vectors of the turn-OFF commutation are marked by dashed arrows.

vector and g, e,ro, and e;o are the projections of, respec-
tively, the vectors u = (uq, Up, Uc), €pf = (€af,€nf, €cy), and
e; = (eat, €pt, €ct) on the control plane. The coordinates of the
Vectors g, €,r9, and e;o on the control plane are the Clarke
transform of the coordinates of the vectors u, e,r, and e,
respectively. The current vector trajectory that corresponds to the
waveforms in Fig. 5 shapes the regular hexagon in Fig. 6, where
the noncommutation-state current vectors are marked out by the
solid circles, and the zero crossing current vectors are marked
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Fig. 7. Three-level PWM strategy during the turn-ON commutation when 7
falls from I}, to 0.

out by the hollow circles. In one electric cycle, the current vector
rotates counterclockwise along the regular hexagon. When the
three-phase currents do not commutate, the current vector stays
still at the solid circle. The turn-ON commutation is the edge of
the regular hexagon from the solid circle to the hollow circle,
and the turn-OFF commutation is the edge from the hollow circle
to the solid circle. Ignoring ey, in (6), the relationship between
the vectors u, e, r, and e, is simplified as

U ey + e. (15)
e,y can be estimated as
epr = (—Udss/2,Udss/2,0) (16)

where d is the noncommutation-state duty cycle, and U is the
dc-bus voltage. During the process when i, falls from I, to 0,
the desired di/d¢ should be along the edge of the regular hexagon

di/dt = (0,diy/dt, di./dt) = (0, diy/dt, —diy/dt) . (17)

Then, the transformer EMF vector is calculated as

di\T diy, diy,
€t = (LaaLb;Lc) (dt) ~ (O;meaxdta meindt) .
(18)

The modulated voltage vector u should be on the edge of the
voltage hexagon so that the u( can provide the maximal di,/dt.
In addition, uq should ensure ¢, = —1I, so that the current vector
is on the edge of the regular hexagon. The three-level pulsewidth
modulation (PWM) strategy for modulating the vector ug is
shown in Fig. 7, where d,,, is the duty cycle used to modulate
the vector ug in Fig. 6 during the turn-ON commutation. dy;,
is calculated by adding the output of the proportional-integral
(PD) regulator to the analytical solution of d,, (denoted by
don_init), Which is calculated according to (15)—(18) and the
vector diagram as

don_init = [(,usa + 2) dgs + 2} / (2ﬂsa + 2) (19)
where [, 1S the salient ratio defined by
Hsa = Lpfmax/Lpfmin- (20)

Although the modulation strategy is designed for the generalized
situation that d,, is in the domain [0, 2], doy,_init 1S in the domain
[0, (ftsa +4)/(2usq + 2)] by substituting dss € [0, 1] into (19).
Therefore, d,,, should be limited accordingly.

Besides, for the turn-OFF commutation when ; falls from O
to —1I,, the transformer EMF vector should be

e X (—meindib/df7 meaxdib/dt, 0) (21)
and the rotational EMF vector is estimated as
epf R (0, —Udss/2,Udss/2) . (22)
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Fig. 8. Equivalent circuit of DSM considering the variation of field current.

The duty cycle used to generate the voltage vector uy during
the turn-OFF commutation is d,g in Fig. 6. The analytical solution
of dog (denoted by dog init) 1s calculated as

L 2 (A = 25 ), ifdy > o2

2psa Hsa+2
doff_init = feat2 . . )
1+m(dss—uw+2>, 1fdss<m-
(23)

Apart from the three-level PWM shown in Fig. 7, another
option for the current controller was the double-band three-level
hysteresis controller [15].

B. Analytical Model Between the Advanced Angle and the
Zero Crossing

During the process when i falls from I, to 0, the voltage
equation is

U=u.—up,= d(LCiC + Lepip — Lyty — Lbfif) /dt. 24)

With the constraint i, + 7, =
vious equation becomes

—U/o.) =d [(Lb + LC) iy — chp + (Lbf — ch) ’if] /d@.
(25)
The mathematical relationship between the advanced angle «y,
and the zero crossing -y, is deduced by solving the differential
equation (25) with the boundary conditions (8 = a1,) = I,
and i, (0 = vy ~ 27/3) = 0. The solving process is similar to
the single-phase case in Section II-C. The solution is
21 ky (Ip,i5) 2
-~ R A N A 1 -
b— 3 { U/ + Qp 3
meax + mein
Ujw
In most cases, the field winding is excited by a voltage source,
and the variation of the field current cannot be ignored. The
equivalent circuit of the voltage-source-excited DSM is shown

in Fig. 8. Due to the variation of the three-phase currents, the
induced voltage e, across the field winding is

—1i, = I, substituted, the pre-

+ I, (26)

efpt = —Lafd’ia/dt — Lbfdib/dt — chdic/dt. 27
The increment of the field current is calculated as
Aig ~ / (efpt/Ly) dt
= (—LafAlq — LysANiy — Loy Aic) /Ly. (28)

During the commutation when 4, falls from I, to 0, the
increment of the field current is

Aiya(Lyp—Leyp) Ip/ Ly~ (Lpfmax — Lptmin) Ip/Ly. (29)
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By substituting (29) into the solving process, the analytical
solution (26) becomes

W= 21/3 % [ky (Ip,iy) /[ (U/w) + 1] (ap — 2/3)

+ |:meax + Lprnin - (Lpfrnax - Lpfmin)Q/Lf wjp/U
(30)

IV. ADAPTIVE ANGLE ADJUSTMENT CONTROLLER DESIGN

To adaptively adjust the advanced angle, an additional angle
loop is introduced to lock the zero crossing of the phase current.

The linearized relationships between the advanced angle «
and the current zero crossing v are deduced in previous sections.
In the discrete system, those relationships are generalized into a
discrete linear function as

v(t) = k() a(t)+b()

where k(t) and b(t) are time-varying and influenced by the
speed and current, and ¢ is the sampling time. To eliminate the
static error under the constant disturbance, the control law is
solved with the incremental form system model. By supposing
that k(t) remains unchanged between two adjacent samples, the
increment of ~y(t) between the two samples is

3D

FH=7t+) -y O R kD) +b(E)  (32)
where
at)y=alt+1l)—alt)=al)(g—1) (33)
b(t)=b(t+1)~b(t) =b(t) (g - 1) (34)
where q is the delay operator. By solving
YE+1D) =7 +75(@) =0 (35)
the control law is obtained as
a(t)=[-v () - b)) k). (36)

In the three-phase voltage-source-excited case, according to
(30), the estimated k and b are

k= [k (pnig)) / (Ufe) +1

I; = [meax + mein - (Lpfmax - Lpfmin)Q/Lfi| wjp/U-
(38)

(37

After integrating both sides of (36) by multiplying ¢~/
(1—¢") and substituting estimated parameters, the control law
becomes

t) ¢! b(t
a(t):—Y() ¢ 71—A() (39)
k(t)l—gq k(t)
~—_——————
adaptive analytical

where the adaptive term adjusts « according to the feedback,
and the analytical term is the analytical solution of « by
substituting v = 0 into (31).

Due to the inaccuracy of the simplified model, the system
risks instability. The system is also affected by random high-
frequency disturbances because of the differences in adjacent
commutations.
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(b) Frequency responses of S.,, with different loop gains.

To improve system robustness and suppress disturbances, a
damp parameter kp (0 < kp < 1) is connected to the forward
path to reduce the loop gain. The control law with kp is

kpvy(t) ¢! b(t
alf) == k?tg | 1—gt _l%((t)) 0
adaptive analytical
namely
alt)=a(t—1)— =D [{’(t) - (:’(t_l)] .
J (t) ) k(t—1)
adaptive analytical
(41)

The transfer function in the z domain is obtained by replacing
g~ ' in (39) with z~!. The system diagram is shown in Fig. 9,
where the lumped disturbance is denoted by p. The open-loop
transfer function of the system is

Hov () =kkpz"' [ [E(1-27)]. @2

The Nyquist diagram of Hoyp, is shown in Fig. 10(a). The
stability condition is that the loop gain K is between 0 and 2

0< K =kkp/k < 2. (43)
The stability margins of the system are
gain margin AG = 2/K (44)
phase margin Ay = arctan+/(4 — K2) /K?  (45)
and
modulus margin AM = —|S,,| = (2-K)/2. (46)
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The smaller the loop gain K, the better the stability margins.
Therefore, we can design a small kp to reduce the loop gain to
improve the stability. The transfer function from the disturbance
to the output is

Sp(z)=0-2"/1-01-K)z"].

The frequency responses of .S, with different loop gains are
compared in Fig. 10(b). The additional damp parameter also
decreases the high-frequency gain of S.,,. This can suppress the
random steady-state high-frequency disturbance. However, the
dynamic performance decreases because the response speed for
rejecting the high-frequency disturbance decreases. kp can be
designed relatively small to achieve high levels of robustness
without much impact on the dynamic performance because the
disturbance caused by the change of motor speed or torque can
be responded to with the analytical term of (40).

(47)

V. IMPLEMENTATION

The three-phase SCC was implemented, and the system dia-
gram is shown in Fig. 11. The state judging and control logics
are provided in Table I. The maximum inductance Lyfmax, the
minimum inductance Lypfmin, and the turn ratio N, /Ny were
required for setting up the control system, and the parameters
used with the tested DSM are shown in Table II, where the
inductances were calculated with a finite-element simulation.

Fig. 12 shows the state transition and the angle capture process
during the turn-reverse commutation of i,. The angles v and /3
were captured by latching the rotor position signal § when the
current reached 0 and —1I,, respectively. In the common case,
the angle capture has delays. The delay in ~ capture is in the
feedback pathway of the angle loop, which will cause an addi-
tional error that cannot be corrected by the adaptive controller.
The delays in v and /3 capture will cause a state transition delay
between the commutation state and the noncommutation state,
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TABLE I
STATES AND CONTROL LOGICS

Latch enable (1-enabled) Modulation logic

4 State y latch S latch Tnia Vector level
A B C A B C _ Min Mid Max
0~f, 1 1 0 0 1 0 0 4 00l oOll 010
Pa~m/3 2 0O 0 O 0O 0 O iy 11- / 01-
n/3~a, 3 0 0 0 o 0 0 —i 00- / 01-
0~ 4 0 1 0 0o 0 0 —i 101 001 OI1
w2m/3 5 0 0 0 o 0 0 —i 00 / 0-1
2n/3~p, 6 0o 1 0 0o 1 0 i 100 101 001
fom 7 0 0 0 0 0 0 i -11 / -01
T~ 8 0 0 0 o 0 0 - -00 / -01
a~Ye 9 0 0 1 0O 0 0 —i 110 100 101
ye~4m/3 10 0 0 0 0 0 0 —i 00- / 10-
4n/3~p. 11 0 0 1 0o 0 1 i, 010 110 100
pe~5/3 12 0O 0 O 0O 0 O ia 1-1 / 1-0
5n/3~a, 13 0 0 0 0O 0 0 —ii 0-0 / 1-0
Ca~Ya 14 1 0 0 0 0 0 —i O0ll o010 110
V2T 15 0 0 0 0O 0 0 —i. -00 / -10

If vy, ve and vy, are larger than 27r/3, 47r/3, and 27, states 5, 10, and 15, respectively,
will disappear. The dash in vector 11- means that the C-phase switches are both OFF.

TABLE II
MODEL PARAMETERS USED WITH THE TESTED DSM

Maximum inductance Minimum inductance Turn ratio
Lpfmax Lpfmin Np/Nf
0.0035 H 0.000833 H 3/100
a 18 *a
B[l 1 ]2
—

® b

Fig. 12. State transition and angle capture sequence. (a) Case when 7, is
captured before 0. (b) Case when 7, is captured after 0.

which results in overshooting of the current. These delays should
be minimized as much as possible in the implementation.

When the state transfers, the voltage vector changes, and there
is a step disturbance in the current loop. Most of the disturbance
can be compensated for by calculating doy init and dog _init
based on the linear model. The rest disturbance is corrected
by the PI controller. However, when the commutation time is
small, there is not enough time for the PI controller to reach the
steady state, and additional nonlinear compensation is required
in order for the current to be well chopped at I, during the
commutation. In the verifications presented in the next section,
we have added the additional nonlinear compensation for the
current to be well shaped. In practice, nonlinear compensation
is difficult to implement, and the performance of the SCC will
decrease when the commutation time is small.

In Table I, if gy, = v, = B4 = 0, the method will reduce into
the conventional standard control (STD). In the commutation
control of STD, the phase current has a step reference, which
may cause the overshoot and oscillation of the current. One
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Fig. 13.  Experimentally measured 27 — o, and the analytically calculated

27 — g, Which both ensure synchronized zero crossing.

advantage of the proposed SCC is that it does not have the step
reference. However, there may be the overshoot and oscillation
of the current due to the state transition delay. Although there
is no step reference, it is the PI controller’s responsibility to
correct the possible overshoot and any other disturbances. When
designing the PI parameters, the method in [16] was consulted.

A three-level hysteresis current controller was not imple-
mented, butitis conceivable that the current could be well shaped
by a hysteresis controller because there is no need for nonlinear
compensation and PI parameter design.

When establishing the model, voltage drops on the power
switches and other parasitic resistances, and leakage inductance
of the end winding and other parasitic inductances, were not con-
sidered. Therefore, the analytically calculated angle was smaller
than required. This error is related to the application conditions.
Under the conditions of our test rig, the experimentally measured
21 — a, and the analytically calculated 27 — «, which both
ensured 7y, = 0 under the different voltage speed ratios were
shown in Fig. 13. The measured 27 — «, was approximately
twice the analytical 27 — «,. For better dynamic performance,
(38) was calibrated by multiplying by 2. In practice, if necessary,
this calibration should be conducted according to the actual
conditions.

VI. VERIFICATION

The no-load constant-speed generation experiment was first
conducted on the tested three-phase 12-slot/8-pole DSM. The
phase flux linkage and mutual inductance were identified as

0 .
w,,(o,z‘f,e):/ Mdﬁ%(o,q,ﬁ) (48)

Ly (07 if, 9) = p (Oa if, 9) /i.f

where u,, (w, i s t),1 1> and w were measured from experiments
and v, (0,4¢, —m) was obtained by finite-element simulation.
The measured A-phase EMF curves under the different field cur-
rents are shown in Fig. 14(a). The identified A-phase flux linkage
curves of different rotor positions are shown in Fig. 14(b), where
the magnetic saturation was at about iy = 7 A. The identified
Ly profiles are shown in Fig. 14(c), and the inductance profiles
simulated by the finite element method are shown in Fig. 14(d).

(49)
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Fig. 15. Simulated torque to rms current ratio of different U/w at I, =
T0A, iy =T7A, and aog = 27/3. (a) Fixed aon = —27/3, different avypys.
(b) Synchronized ~yvs = 0, different aop, .

The three phases were slightly different from each other, and the
other two phases were identified in the same way.

For the single-phase case, based on the identified A-phase flux
linkage and the mathematical model in Section II, a simulation
was conducted to verify the advantage of the synchronous con-
trol. For each combination of the input parameters awy, Qurys,
and U/w, the process of an electric cycle was simulated. The
output was the single-phase torque to root-mean-square (rms)
current ratio, which was calculated as

)‘prms = Tpave/Iprms = Nr (% Zpd’(/}p) /27T/Iprms (50)

where N, = 8, I},;;ms Was the single-phase rms current, and v,
was calculated as

1/)10 (ip’ifve) ~ ¢p (Ovif + NPiP/vae) .

The simulation results of the fixed o, = —27/3 and different
Oirys are shown in Fig. 15(a), where A of the synchronous
control (7vs = 0) approximates the envelope of the Aprms

(S
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Fig. 16. Experimental waveforms of SCC under low voltage speed ratio

[Ip, =T70A, iy =7A, Ulw = 30.0 V/(837.8 rad/s)]. (a) Measured rotor po-
sition signal. (b) Measured three-phase currents. (c) Three-phase current slopes.
(d) Three-phase instantaneous torques. (e) Current vector trajectory. (f) A-phase
flux linkage-current trajectory.

curves of the different . This verifies the effectiveness of
the optimization. The simulation results of the synchronized
Yvs = 0 and different o, are shown in Fig. 15(b), where
the optimal o, is at about —27/3—37/32, and Aprms of the
synchronous control (., = —27/3) is not the optimum. This
is because of the nonlinear characteristic shown in Fig. 14(a),
where the EMFs are not zero before —27/3. Hence, there is
no need for the synchronous control of ~,,. However, in the
three-phase commutation control, the turn-ON commutation of
the A-phase current and the turn-reverse commutation of the
C-phase current affect each other. In order to achieve high overall
performance of optimization and maintain the simplicity of the
control strategy, it is necessary to make a concession. Therefore,
the three-phase SCC method presented in Section III can still
provide good overall performance.

The three-phase SCC was implemented and verified by the
experiment, and the experimental waveforms of SCC and STD
are compared in Figs. 16 and 17. In SCC, the commutation
was well synchronized: the angles v, and ;s of the three
phases were all synchronous with the rotor position signal; the
turn-ON commutation was in parallel with the front half of the
turn-reverse commutation; the turn-OFF commutation was in
parallel with the latter half of the turn-reverse commutation;
the rising and falling rate of the two currents in commutation
were the same; and the third phase was without any undercurrent
or overcurrent. The current vector trajectory of SCC was well
shaped to follow the regular hexagon. In STD, the angles 7o,
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Fig. 17. Experimental waveforms of STD under low voltage speed ratio
[Ip, =T70A, iy =TA, Ulw = 30.0 V/(837.8 rad/s)]. (a) Measured rotor po-
sition signal. (b) Measured three-phase currents. (c) Three-phase current slopes.
(d) Three-phase instantaneous torques. (¢) Current vector trajectory. (f) A-phase
flux linkage-current trajectory.

and ~,vs lagged the rotor position signal. The turn-OFF commu-
tation completed first, whereas the turn-ON commutation lagged
behind. Comparing the di/dt curves of the two methods, we can
see that the di/dt¢ of the turn-ON commutation and latter-half
turn-reverse commutation were increased by SCC. As shown
in Fig. 17(e), during the commutation, the current vector of
STD was decreased to a point that was very close to the origin.
Very little instantaneous torque could be produced at this point,
so the commutation torque loss of this point was large. The
A-phase flux linkage-current trajectories were calculated by (51)
and are compared in Figs. 16(f) and 17(f). The area enclosed
by the flux linkage-current trajectory of SCC was larger than
that of STD, showing that the average output torque of SCC
was larger. According to Fig. 3, the improvement came from
the reduced torque loss during the turn-ON commutation and
the turn-reverse commutation. The instantaneous torques are
compared in Figs. 16(d) and 17(d). They were calculated from
experimental data by the partial differentiation of magnetic
co-energy W), as

i (0 . .
- ow, 0 [fop( )wp (z;,,O,H) dz;]
P ooe T o0

il =1 +—§Qﬁi

p p Np
(52)
where 1), was identified from the generation experiment, and i,,
and 7y were measured in the motoring experiment. Due to the
reduced torque loss during the commutation, the overall torque
ripple of SCC was lower.
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Fig. 18. Experimental waveforms of SCC under high voltage speed ra-
tio [Ip, =70A, iy =7A, Ulw = 70.2 V/(837.8 rad/s)]. (a) Measured rotor
position signal. (b) Measured three-phase currents. (c) Three-phase current
slopes. (d) Three-phase instantaneous torques. (e) Current vector trajectory.
(f) Flux linkage-current trajectory.

The experimental results of SCC and STD at the higher volt-
age speed ratio are compared in Figs. 18 and 19. The advantage
of the proposed SCC was not that significant because the com-
mutation time was small. Both methods had the overshoot and
oscillation of the current after the commutation. As explained in
Section V, the overshoot and oscillation in SCC were because
of the state transition delays, and the overshoot and oscillation
in STD came from the step reference.

Fig. 20 compares more experimental results of the torque to
rms current ratio and torque ripple performance. The torque
ripple performance was evaluated by

max7y — minTs

(53)

pr = X 100%, To = Y T,

meanTs t
p=ab,c

darms Of SCC were all larger than that of STD, and pr of
SCC were all lower than STD, which shows that SCC could
improve torque-to-current ratio and torque ripple performance
at a wide range of speeds. The improvement came from the
reduced commutation torque loss. When the voltage speed ratio
was low or the current amplitude was large, the commutation
time was long and the commutation torque loss was large, so the
improvement was large.

The performance of the closed-loop controller was verified by
the step response of speed. The driven load was a doubly salient
generator whose field current and load resistance remained un-
changed in the experiment, so the output power of the generator
increased quadratically with speed; hence, the load torque of the
motor would increase with speed. When there was a step-speed
reference, the current amplitude I, suddenly increased to the
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Fig. 19. Experimental waveforms of STD under high voltage speed ratio
[Ip, =70A, iy =7A, Uw = 70.1 V/(837.8 rad/s)]. (a) Measured rotor
position signal. (b) Measured three-phase currents. (c) Three-phase current
slopes. (d) Three-phase instantaneous torques. (e) Current vector trajectory.
(f) Flux linkage-current trajectory.
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Fig.20.  Comparison of the different control methods at iy = 7 A. (a) A-phase
torque to rms current ratio. (b) Torque ripple.

saturated value and the speed w increased with the maximum
acceleration. Between the variables I, iy, and w, I,, was the
source of the most severe disturbance because the armature
winding had the minimum time constant.

Fig. 21 compares the speed step responses of the different
damp parameters kp. All the results show that o, could respond
to the disturbance of the step-speed reference, and ~, could be
locked at about 0. This shows that the optimized points of SCC
in Fig. 20 can be adaptively reached when the speed and current
change. But on the «, and ~, curves, there was some random
disturbance at the steady state, especially at high speed. The
disturbance on y, was large, whereas the disturbance on o, was
small. This shows that the system was disturbed between o,
and y,. Comparing the results with different kp in Fig. 21, we
can see that the disturbances decreased with the decrease of kp.
This is because the small kp can weaken the influence of 7, on
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Fig. 21. Experimental speed step response of the system with the different damp parameters, the reference w steps from 837.8 to 1256.6 rad/s at time = 0
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Fig. 22.  Experimental speed step response of the model-free system, the ref-
erence w steps from 837.8 to 1256.6 rad/s at time =0 (kp = 0.5,iy = 4.78 A,
U =42.0 V when w = 837.8 rad/s; U = 39.9 V when w = 1256.6 rad/s).

a4, and further prevent the disturbances from being amplified
by the closed loop. When kp = 0.5, the disturbance on the
advanced angle was small enough, and there was no significant
improvement when kp = 0.2. The difference is small between
the dynamic performances of different kp. This is because the
dynamic disturbance from the step-speed reference was mainly
dealt with by the analytical term of the control law. As a result,
the damp parameter kp was designed to be 0.5 in this case.
According to (44)—(46), assuming that the estimation of k was
accurate, kp = 0.5 offered a gain margin of 4 (12 dB), a phase
margin of 75.5°, and a modulus margin of 0.75 (—2.5 dB).

In addition, the system can be model-free and without any esti-
mation of the model parameters k and b, by using the control law

at)=a(t—-1)—kpy(t—1). (54)

Fig. 22 shows the step response of the model-free system
with kp = 0.5. The model-free system could also work well.
However, without the adaptive term, the dynamic performance
will be poor. Fig. 23 compares the details of the normally
designed system and the model-free system. The response of the
model-free system was one cycle slower, and there were larger
errors during the dynamic process. Moreover, the model-free
systemrisks higher instability. Therefore, kp should be designed
lower so that the system can have a larger margin of stability,

.6rad/s). (a) kp = 1.(b) kp = 0.5. (¢c) kp = 0.2.
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Fig. 24.  Experimental speed step response, the reference w steps from 418.9
to 1256.6 rad/s at time = 0 (kp = 0.5, if = 6.95A, U = 43.1 V when w =
418.9 rad/s; U = 35.2 V when w = 1256.6 rad/s).

although the lower kp makes the dynamic performance even
Wworse.

Fig. 24 shows the response of a larger reference speed step
under the bigger load torque. The system also had high dynamic
performance, although the steady-state disturbance on 7, was
greater than with the lower speed and smaller load, which can be
seen by comparing Figs. 21(b) and 24. This shows that random
disturbances are large when the speed and current are high.
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The random disturbances came from the uncertainties of the
commutation process, which were not modeled by (30). When
speed or current increases, the commutation time is longer, and
there will be more uncertainties and disturbances. In order to
ensure stability and suppress disturbances, the parameter kp
should be designed, in practice, according to the worst case.

VII. CONCLUSION

In this article, the SCC method is proposed to improve the
commutation control of a doubly salient motor. The commuta-
tion angle is adaptively optimized by the angle loop that locks
the zero-crossing point of the phase current. No matter what the
working conditions are (typically speed, field current, and load
torque), appropriate advanced angles can always be generated to
reduce the commutation torque loss. Compared with the model-
based AOM, the accurate model is not required. A controller with
desirable robustness can be developed using only a small amount
of model information that does not necessarily have to be very
accurate: the maximum and minimum inductance and the turn
ratio between the field coil and the armature coil. Furthermore,
the vector control strategy is adopted in the proposed method to
shape the three-phase currents during the commutation. In gen-
eral, this method provides a solution for the high-performance
commutation control of DSM, and can be applied in DSM
drive systems that demand a high torque-to-current ratio and
low-torque ripple in a wide range of speeds, such as with electric
vehicles.
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