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Improved PWM Control With Wide Speed Range for
a Double-Side Asynchronous Rotor AFPMM
Series-End Winding Drive

Rundong Huang

Abstract—Robot dogs are welcomed widely in industry and daily
life. To reduce the volume and weight of robot dogs, a double-side
asynchronous rotor axial-flux permanent magnet machine is de-
signed for them. It has two asynchronous rotors on two sides which
are driven respectively by two sets of windings, so the control of the
machine is different from that of conventional machines. Thus, an
improved pulsewidth modulation (PWM) control is proposed for
the machine. In the control, the two sets of three-phase windings are
connected in series, so there are seven legs in the drive. Compared
with two separate conventional series-end winding (SEW) drives
for two sides, the proposed SEW serves as a reduced-switch-count
topology. Besides, it guarantees wide speed ranges for the dual
rotors of the machine. Due to the overmodulation, zero sequence
component (ZSC) optimization is conducted for the drive. The
control scheme adopts an optimal ZSC for the dual windings with
the consideration of both reference voltages of two sides. The
experiment validates that the proposed improved PWM control
gets better permanence compared with other methods.

Index Terms—Dual winding control, improved pulsewidth
modulation (PWM), reduced-switch-count topology, wide speed
range, zero sequence component (ZSC) optimization.

I. INTRODUCTION

S A new kind of mobile tool, robot dogs are applied widely

A inexpress delivery and community patrol. It needs two mo-
tors for a leg to achieve complex actions, so a double-side asyn-
chronous rotor (DSAR) axial-flux permanent magnet machine
(AFPMM) is designed to replace the two motors with smaller
volume and weight [1]. It has two rotors driven by two sets
of three-phase winding respectively on the two sides. There is
magnetic isolation between the two sides of the DSAR-AFPMM.
Thus, the control of the DSAR-AFPMM is different from
that of conventional machines. It is similar to the control of two
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different motors due to two sets of windings. For two different
machines, conventional control methods need two drive systems.
The two drive systems are separate and independent of each
other.

However, in the case of open-circuit faults in inverter legs, a
fault-tolerant operation is necessary. Then, for dual-motor sys-
tems, the reduced-switch-count voltage-source inverter (VSI)
topology 1is investigated [2], [3], [4], [5]. In the dual-motor
system, the two motors usually share a common leg in the drive
[6], [7], [8]. In order to avoid the conflict of switching state
demands between two motors, the switching period is divided
into two parts for the two motors [9]. In each half period, only
one motor is modulated, while the voltage of the other motor is
zero. This means that the dc bus voltage utilization is only 50% of
the original utilization. Then, a master-slave selection principle
for two motors is adopted to overcome coupling in [10]. The
selection standard is the current error of the coupling phase. [11]
even proposes a general pulsewidth modulation (PWM) for a
(2n+ 1)-leg VSI which supplies n machines. It is also applicable
to dual-motor systems. In addition, a sensorless control is pro-
posed for a dual-motor system [12]. The high-frequency signals
are injected in the half period when the voltage is zero, so the
filter for demodulation is eliminated. Furthermore, a predictive
control method is designed for the overmodulation of dual-motor
systems [13]. It considers different overmodulation cases and
gives corresponding modulation strategies.

In these topologies, the three-phase windings in each motor
all adopt the star connection. Compared with series-end winding
(SEW) drives, star-connected winding drives naturally have lim-
ited dc bus voltage utilization [14], [15]. The voltage utilization
of the SEW drive is closely related to the winding connection
sequence for multiphase machines [16]. The SEW drives are
studied and controlled in [17], [18], and [19], but they all make
use of the space vector PWM (SVPWM) method. However, with
more drive legs, the SVPWM method for the SEW drive is more
complex due to the increasing number of voltage vectors. Hence,
a carrier-based PWM method can be applied if the relationship
between the phase voltage and leg voltage is determined [20],
[21].

In order to enlarge the speed range for two rotors, this article
adopts a seven-leg SEW drive for the DSAR-AFPMM as a fault-
tolerant operation. The two sets of windings share a common
leg in the drive, so an improved PWM control is proposed to
deal with the conflict of switching states. It optimizes the zero
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Fig. 1. DSAR-AFPMM topology.

sequence component (ZSC) to reallocate the duty cycle of each
switch according to the cost function when the conflict occurs
between dual windings. The cost function takes the reference
voltages of dual windings into consideration simultaneously, so
it meets both requirements of dual windings. In this article, the
topologies of the DSAR-AFPMM and the corresponding SEW
drive are introduced. Then, the PWM control strategy for the
drive is illustrated. The dc bus voltage utilization is analyzed. In
Section IV, the optimal ZSC for each drive leg is derived based
on the cost function. In Section V, an experiment is conducted
for the control scheme to validate the wide speed range of two
rotors of the DSAR-AFPMM. Finally, Section VI concludes this
article.

II. DSAR-AFPMM SEW DRIVE SYSTEM

A. DSAR-AFPMM Topology

The DSAR-AFPMM is composed of one stator and two rotors.
Besides, there are two sets of three-phase winding arranged on
the stator. The machine mainly serves as an actuator in robot
dogs. Robot dogs need two freedoms for each leg, so the two
rotors of the DSAR-AFPMM have to work independently. Then,
they are driven by the two sets of windings, respectively.

Fig. 1 shows the topology of the DSAR-AFPMM. The con-
figurations on the two sides are different. On the left side, the
machine has 24 slots and 10 pole pairs. On the right side, the
machine has 36 slots and 21 pole pairs. Thus, the arrangements
of dual windings are different on two sides. Fig. 2 shows the
voltage phasors of dual windings. According to [22], the dual
windings are isolated by the stator yoke, as well as the two rotors,
so the neutral points of dual windings are not connected. The
two rotors are also not connected to one shaft. Hence, the two
rotors of the DSAR-AFPMM have to be controlled separately.
Due to the magnetic isolation between the two sides, they are
controlled as common three-phase machines.

B. SEW Drive Topology

Conventional star-connected winding drives have limited dc
bus voltage utilization, so a SEW drive is designed for the
DSAR-AFPMM to improve the voltage utilization and enlarge
the speed range. Then, for the open-circuit fault in the inverter
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Fig. 3. SEW drive topology.

leg, a seven-leg VSI is proposed to ensure the normal operation
of the machine. Fig. 3 shows the SEW drive topology for the
DSAR-AFPMM.

In the drive, dual windings are connected in series. leg 1; leg
2; and leg 3 are connected to the phases of winding 1, while leg
5, leg 6, and leg 7 are connected to the phases of winding 2.
Besides, leg 4 is the common leg and connected to both Phase
C1 of winding 1 and phase A2 of winding 2. In the operation,
phase C1 and phase A2 may have different voltage requirements
for leg 4, but the two phase voltages can be adjusted arbitrarily
through the voltages of leg 3, leg 4, and leg 5. There is a limit
to operation only in overmodulation. The switching state will
conflict between dual windings in the common leg when the
overmodulation occurs. The phase voltage is calculated as

Ul 1 -1 0 0 0 0 0 gl
up 01 -1 0 0 0 0 Sz
uer| _g 00 1 -1 0 0 0 S,
Uz 000 0 1 -1 0 0]]g
Ups 00 0 0 1 -1 0 55
U 00 0 0 0 1 =1 Si
()

There are seven legs in the drive, so there are totally 27 = 128
switching states. It means that the space vector selection will
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be very complex and the computational burden will be large if
the SVPWM method is applied to the VSI. However, the PWM
method does not need space vectors. It only focuses on the duty
cycle of each leg. Therefore, the PWM method is very suitable
for the seven-leg VSI.

III. PWM CONTROL STRATEGY
A. Machine Model

For the DSAR-AFPMM, the mathematical models of the two
sides need to be derived respectively, so they are similar to the
model of a three-phase electric machine. Take one side as an
example, the relationship between the electromagnetic torque
and rotary speed is as follows:

dw,,

dt

where J is the moment of inertia of the corresponding rotor, 7
is the load torque, w,, is the mechanical rotary speed, and 1y
is the friction coefficient. For different rotors, the parameters
J and py are different. When the rotor rotates at a constant
speed, the electromagnetic torque has to be balanced with the
load torque. According to the electromagnetic relationship in the
machine, the electromagnetic torque is determined by the flux
linkage and current. It is expressed as

Tom =J + 1 +,U/fwm (2)

Ty = g iy + p (La — L) i) 3)
where p is the pole pair number of the corresponding rotor,
iq and i, are the d/g-axis currents, L, and L, are the d/q-axis
inductances of corresponding winding, and 1) is the flux linkage.
The d/g-axis currents can be obtained as (4) directly through
the d/g-axis voltage in the synchronous rotation coordinate
system because the parameters are decoupled after the Park

transformation
- e L)
ug|  |welq R, iq 0 Lg| |dig/dt weth
“)
where Rj is the resistance, u4 and u, are the d/g-axis voltages,
and w, is the electrical rotary speed. The transformation from
phase voltages to the d/g-axis voltages is shown as (5). At first,
the phase voltages u4, up, and u¢ have to be converted to u,,
and ug in the stationary coordinate system. Then, the d/g-axis
voltages are calculated with the electrical angle . of the rotor

uq|  |cosfe —sinfe| |uq )
ug|  |sinf. cosf. | |ug
s T UA
ua] 2 [1 cos % cos 43]
= 5 -2 Y up (6)
[ug 3|0 sinst sing ue

The machine model is adopted for both sides of the DSAR-
AFPMM with different parameters. Based on the model, the
electromagnetic torque and rotary speed are both related to the
voltage. So, a wide speed range of the rotor can be obtained if a
high voltage is provided to the corresponding winding.
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Fig. 4.  Structure of conventional carrier-based PWM.

B. PWM Method

Fig. 4 shows the structure of a carrier-based PWM for a
conventional three-phase star-connected winding VSI. It in-
cludes a ZSC injection to increase the dc bus voltage utilization.
The modulating signals are compared with the high-frequency
carrier signal to generate switching signals. In the VSI, the
switching signal of each leg is only determined by the cor-
responding phase voltage, so the switching signals of all the
legs have certain values when the reference phase voltages are
calculated.

In the SEW drive, the relationship between leg voltages and
phase voltages is different from that in the star-connected wind-
ing drive. It is shown in (7), where k =1, 2, ..., 7, ph = A, B, C.
The leg voltage is proportional to the duty cycle of the leg in the
VSI, so the positive pulsewidth has to be calculated according
to the reference phase voltage

Up, = Wi — Wk+1) = Upc (b — tis+1)) - (7

It can be seen from (7) that one phase voltage is dependent
on the two adjacent leg voltages. There are seven legs for
the two sets of three-phase windings in the SEW drive. Thus,
the seven-leg voltages are still uncertain even when all the
phase voltages are acquired. Itis assumed that the firstleg voltage
is equal to the last leg voltage in [20]. Then, the leg voltages
are calculated through several transformations, which increases
the computational burden of the controller.

In this article, the leg voltages do not need to be calculated.
The duty cycle of each leg is calculated directly. According to the
above analysis, there are many possibilities for the leg voltages
when the phase voltages are given. It also means that all the duty
cycles are not certain. Thus, the unit voltage of the first leg can
be set to 1 as a reference. Then, the unit value of each phase
voltage is calculated as (8), where v; is equal to 1

Vph = Uph /Udc = Vik — Vi(kt1)- ®)

The unit value of phase voltage is also the difference in
voltages between two legs. Therefore, the unit voltages of the
rest legs can be obtained with the reference. In order to increase
the dc bus voltage utilization, an appropriate ZSC is injected to
modulate the signal. In this way, the reference phase voltages
can also be obtained. Fig. 5 shows the structure of the proposed
carrier-based PWM.
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C. DC-Bus Voltage Utilization

It is obvious that the SEW drive has higher dc bus voltage
utilization than the star-connected winding drive. However, in
the seven-leg VSI, the dc-bus voltage utilization is closely related
to the connection of dual windings. It is also defined in [23] that
the modulation index M is the ratio of the peak value of phase
voltage to half of the dc bus voltage. The phase voltage of the
machine can be expressed as

U,
Upp, = Upp sin (wet + @) = M% sin (wet + ). (9)

For the first four legs in the drive, the peak value of the voltage
between any two legs will not be larger than that of phase voltage.
For example, the amplitude of the voltage between leg 1 and leg
3 is still MUq./2 shown in (10). It is also the same for the last 4
legs. Thus, it is important to study the effect of the connection
between the two sets of windings

U3 = uA1 +uUB1

U. U, 2
= M% sin (wet) + M% sin (wet + ;)

U,
= M= sin (wet + g) (10)
Ugs = UCc1 + UA2
Uz = UC1 + UA2 T UB2 = UC1 — UC2 (11)

Ugs = UB1 + UCT + UA2 = UA2 — UAL
U2 = UB1 + UC1 + UA2 + UB2 = —UATL — UC2

The connection between dual windings is shown in (11). All
the voltages should be smaller than the dc bus voltage. The
phase and frequency of phase voltages between dual windings
may both be different, so (12) has to be met to get the linear
modulation region

Uae
2

where M7 and M, are the modulation indexes of the two sets
of windings, respectively. According to (12), the sum of the
two modulation indexes cannot exceed 2. The linear modulation

Udc

M,y +M27 < Uge (12)
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Fig. 6. Switching pattern of the drive. (a) Without ZSC injection. (b) With
ZSC injection.

region of the proposed SEW drive is much larger than that of the
star-connected winding drive in [11]. The sum of the modulation
indexes is 1.73 times of that in the star-connected winding
drive. A larger linear modulation region means higher dc bus
voltage utilization. Therefore, the drive can provide a wide speed
range for the two rotors.

IV. ZSC OPTIMIZATION

In a conventional star-connected drive, the leg voltage in the
carrier-based PWM control is expressed as (13). It is usually
composed of two parts. One is the sinusoidal component v*yy,
the other is the ZSC vy

Vi = U?k + V0. (13)

In the proposed PWM method, the first part in (13) may not
only contain a sinusoidal component but also contain a ZSC.
However, according to (7), all the ZSCs are eliminated in the
calculation of phase voltages, so it will not affect the operation
of the machine. If there is no overmodulation, the ZSC vy, in the
SEW drive can be obtained as (14). It is the negative minimum
value among all the leg voltages

(14)

. * * *
vo = —min (v}, Vg, - .-, U)7) -

Then, the switching pattern for the DSAR-AFPMM is shown
in Fig. 6. Fig. 6(a) shows the switching pattern without zero
sequence injection. The blue region is the instant when all the
legs are switched on. It is reduced by injecting ZSC into leg
voltages. After the ZSC injection, all the duty cycles are changed.
The minimum value is O as shown in Fig. 6(b).

With the ZSC injection, the modulation signals of the seven
legs can be obtained in a simulation. In this normal condition,
the two rotors run at 400 and 300 r/min, respectively. The
carrier frequencies for the seven legs are the same. Fig. 7
shows the modulation signals. The value means the time the
leg switches ON. Then, the switching pattern of the drive is
determined and phase voltages are obtained. Different from
conventional modulation signals, they are not saddle-shaped
after the ZSC injection. The reason is that the ZSC suitable
for one set of winding is applied to all legs. It makes the
modulation signals for the other set of winding not regular,
but they do not affect the work. The modulation signal of the
common leg also does not need additional treatment in normal
conditions.
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Fig. 8. Currents i, and ig of the two sets of windings. (a) Winding 1.

(b) Winding 2.

Fig. 8 shows the currents of the two sets of windings in the
cartesian coordinate system. The waveform of the current i,
and ig can represent the trajectory of the magnetomotive force
(MMF) of the winding in the coordinate system. It can be seen
that the two sets of windings both have rotational MMFs with
different speeds. It means the method does not affect the normal
work of the two rotors.

However, the duty cycle of some switches will exceed 1
during the overmodulation even after the ZSC injection. Thus,
the switching pattern cannot be obtained directly during the
overmodulation. The injected component of each switch has
to be optimized to make the obtained voltages close to the
reference voltages. Then, a cost function for the system can be
expressed as (15) where the subscripts 1 and 2 represent winding
1 and winding 2, respectively, the superscript ref represents the
reference voltages

F= (tar =) + (ugr — S + (o — uh)?

ref)2 (15)

+ (um — Ug2
ut = 2Upc (v}, — Svjy + 307y)
ta1 = 5Upc (v +61) = 3 (vjy + 82) + 3 (vjy +84))
(16)
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TABLE I
OVERMODULATION CONDITIONS
Condition Duty cycles of Winding 1 and 2
Winding 1 Winding 2
fe 7 > Je T >
1 —r
le =0 | —
€ > e
[ ] [ ]
ic n > fe . >
Winding 1 Winding 2
e 7 > e “ >
== >
I t ts>1
M/ @ f=0 >
13
[ >| [« >
i f L a L
Winding 1 Winding 2
I« :I < >
- 141 L ly
< = ¥ e ts=0 N|
I | =1 1k >
< =0 S =1 >
I: 'I
i fa L _l‘—’|_t7
Winding 1 Winding 2
JI‘ t 'L JI: 14 'L
v = s 1 > e =1 >
I =0 o e fe=0 N
I« »| I« >
1€ 7 L fa L

1 1
—#@G%Hﬁ%—&f+?@&%+%yﬂﬁ

1 1
+ §Ud?c(—254 + 305 — 07) + gU(fc(—(% + 206 — 67)°.
(17)

According to (1), (6), and (13), the reference voltage U™

and actual voltage u,, 1 can be expressed as (16), where d; 2, ...,7
is the unit value of the injected component for drive legs. The
other voltages in (15) can be derived similarly. Thus, the cost
function can be simplified to (17).

There are several overmodulation conditions listed in Table I
for the machine. Under conditions I and II, only windings 1 and 2
are overmodulated, respectively. Under condition I1I, windings 1
and 2 are not overmodulated, but the overmodulation will occur
when the same ZSC is injected for both windings. Condition IV
is that windings 1 and 2 are both overmodulated.

A. Condition I and 11

Under condition I, winding 2 is not overmodulated, so dg4, d5,
dg, and O7 are equal. Due to the same reason, d1, ds, 03, and dy4
are also equal under condition II. Thus, the ZSC optimization for
the two conditions is similar. Condition I is taken as an example
in this article.

The sum of phase voltages of three-phase winding is assumed
to be 0, so the leg voltages of leg 1 and leg 4 are the same. Then,
the cost function can be written as (18). Fig. 9 shows the variation
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Fig. 9. Cost function with 2 and J3.

of the cost function with the reallocated duty cycles d5 and d3
_ Ll 2, 1o 2

The cost function only has one minimum value. The function
characteristic will not change although the leg voltages of leg
1 and leg 4 may not be the same. Thus, the optimal ZSCs 4§,
09, and d3 can be calculated as (19). It is obvious that the cost
function gets the minimum value of 0 when they are all equal to
0. However, the value cannot be obtained simultaneously in the
feasible domain when winding 1 is overmodulated

=0 81 =38, — 15
8%);:0 = 522%51+%53 (19)

According to Fig. 7, the injected ZSC for another two legs
should be close to the results in (19) after it for one leg is deter-
mined. Thus, the injected ZSC for one leg should be determined
firstly according to the original voltage. Then, the other two
ZSCs can be discussed to reduce the cost function as much as
possible. If the results in (19) are in the feasible region, they can
be adopted. Otherwise, the boundaries of the feasible regions
should be applied as the ZSC.

B. Condition 111

Condition III is a special condition. Under this condition, the
two sets of winding are not overmodulated if the modulation is
separated. However, requirements of the two sets of windings for
the duty cycle of common leg conflict. If the modulation of one
side is satisfied in priority, the other side of the DSAR-AFPMM
will have a bad performance.

Thus, the modulation of the two sets of winding needs to
take a compromise based on the cost function. The modulation
voltage of the common leg should make the cost function the
smallest. It is assumed that in the separated modulation the
injected ZSC of winding 1 is &, while that of winding 2 is dyj.
Then, the modulation of the common leg is different from the
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separated modulation while that of other legs remains the same
in the compromise. Hence, the cost function for the system under
condition III can be expressed as (20). After the derivation, the
value of § can be obtained according to (21). It is the average
value of 41 and g

4 4
f=5Uaclor =0 + gU&(Grr =6 0)
of _ 01+ 057

C. Condition IV

Under condition I'V both windings 1 and 2 are overmodulated.
There are too many factors that affect the cost function. It is
hard to find a set of optimal ZSCs for the seven legs. Then, the
modulated voltage vy of each leg has to be obtained after scaling
down the original leg voltage v*j,. The ZSC of all legs can be
calculated as (22) where vipin and vy, are the minimum and
maximum values of original leg voltages, respectively,

Ul min

v = — (22)

Ul max — Vlmin

Therefore, the flowchart of the ZSC injection in the improved
PWM control is shown in Fig. 10. When the overmodulation
occurs the condition has to be judged according to the above
analysis. The corresponding ZSC is calculated and injected.
Then, the SEW drive can be controlled according to Fig. 11.
There are one speed loop and one current loop for each set
of windings. The output of the speed regulator is the input of
the current controller. The zero-sequence current is suppressed
through the proportional resonant controller, while other cur-
rents are controlled through the proportional integer controller.
In addition, the transformations of currents for two sets of
windings are independent.
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V. EXPERIMENTAL VALIDATION

Fig. 12 shows the prototype components and experimental
platform for the improved PWM control method. It is composed
of the DSAR-AFPMM, a controller, and a drive circuit. It can
be seen the two rotors are assembled on the two sides. They are
connected with two rotary shafts, respectively. The two rotors
of the DSAR-AFPMM are connected to two magnetic powder
brakes which serve as loads. The controller is the dSPACE
DS1202. The parameters of the DSAR-AFPMM and drive are
given in Table II.

In order to validate the performance of the improved PWM
control, this article compares it with three control methods.
In method I, the two sets of winding are both star-connected,
but phase C1 and phase C2 share a common leg in the drive,
as shown in Fig. 13(a). Then, they are controlled through the

TABLE II
PARAMETERS OF THE DSAR-AFPMM AND DRIVE
Items Description Value
P Pole pair number of Rotor 1 10
P2 Pole pair number of Rotor 2 21
R, Resistance of Winding 1 0.20 Q
R, Resistance of Winding 2 0.19Q
La d-axis inductance of Winding 1 0.45 mH
Lqgi g-axis inductance of Winding 1 0.45 mH
Lo d-axis inductance of Winding 2 0.33 mH
Lo g-axis inductance of Winding 2 0.33 mH
Wi Flux linkage of Winding 1 0.014 Wb
v Flux linkage of Winding 2 0.006 Wb
Use DC-bus voltage 20V
fs Sampling frequency 10 kHz
Pen Rated power on each side 250 W
Tem Rated torque of two rotors 1 Nm
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Fig. 13.  Drive circuits of methods I and II. (a) Method I. (b) Method II.

PWM method in [11]. In method II the two sets of winding
are also star-connected, but they do not share any common
leg. They are controlled independently with the conventional
PWM method. The drive circuit is shown in Fig. 13(b). Method
IIT adopts the SEW drive topology shown in Fig. 3. However,
the ZSC in the PWM control will be calculated as (22) under
all the overmodulation conditions. Method IV is the proposed
improved PWM control method. In all control methods, the
DSAR-AFPMM works under the same loads. Both loads for
the two rotors are 1 N-m.

A. Rotor 2 at Low Speed

The speed ranges of one rotor is affected by the speed of
another rotor due to the common leg in the drive. Thus, the
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Fig. 15. THD of phase currents when rotor 2 runs at 100 r/min. (a) Method 1.
(b) Method II. (c) Method III. (d) Method IV.

speed of one rotor should be kept constant when the speed
range of another rotor is measured. At first, the speed range
of rotor 1 is tested when rotor 2 is at low speed. Fig. 14 shows
the speeds and currents of the DSAR-AFPMM when rotor 2
runs at 100 r/min. In the measurement, the speed of rotor 1 is
increased by 100 r/min at each step until the maximum. When the
modulation achieves the limitation, the speed of rotor 1 cannot
increase. The maximum speed of rotor 1 reflects the dc bus
voltage utilization. In this case, the maximum speed of rotor
1 is 570 r/min in method I. It has the smallest speed range. In
method II, the speed range of rotor 1 is not related to rotor 2. The
maximum speed of rotor 1 is nearly 700 r/min. In method II1, the
maximum speed of rotor 1 is 920 r/min. In method IV, the speed
of rotor 1 can reach 1000 r/min. The actual speed cannot follow
the control when the reference speed continues increasing. The

(c) (d)

Increase in speed of rotor 1 when rotor 2 runs at 100 r/min. (a) Method I. (b) Method II. (c¢) Method II1. (d) Method IV.
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Fig. 16. Common leg currents and modulation signals when rotor 2 runs at
100 r/min. (a) Method I. (b) Method III. (c) Method I'V.

current also becomes uncontrollable. Besides, the speed of rotor
2 cannot be maintained. It means the proposed method improves
the dc-bus voltage utilization. As for the current spikes, they are
mainly caused by suppressing the speed spikes. It can be seen
that the current spikes are smaller when the speed spikes are
larger at the transient response.

Based on the Park transformation, the d/g-axis currents are
calculated with the measured phase currents. With the increase
of the speed, the d/g-axis current ripples become larger. It
means there are more harmonics in the phase current. The total
harmonic distortions (THDs) of phase currents at each speed
in the four methods are shown in Fig. 15. It increases with the
rotor speed in methods I, III, and IV, but the THD in method II
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does not have the trend. The reason is that high speed possibly
causes contradict between duty cycles in the common leg. When
the speed of rotor 1 is smaller than 500 r/min, the THDs in the
three methods are very close at each step. However, the THD
of 1,1 in method III increases greatly when the speed is larger
than 500 r/min. In method IV, it only obviously increases when
larger than 800 r/min. As for the THD of /9, it increases slowly
with the speed of rotor 1, mainly affected by the common leg.

Phase currents from two sets of windings both flow through
the common leg in the drive. However, the phase and amplitude
of phase currents in dual windings may be different due to
different loads and rotor speeds. Then, the common leg current
is likely not sinusoidal.

Fig. 16 shows the common leg currents and modulation
signals in methods I, III, and IV. The current and modula-
tion signals when rotor 1 runs at 300 r/min are displayed as
an example. It shows common leg currents are all distorted, but
their amplitudes are very similar in the three methods. As for
the modulation signals, their amplitude in the common leg is not
necessarily the largest. Although the speed of rotor 2 is constant,
the modulation signal amplitudes of winding 2 also increase with
the speed of rotor 1. It means the modulations on the two sides
affect each other. In the same condition, the proposed method
has the smallest modulation signals, so it has the largest linear
modulation region.

B. Rotor 2 at High Speed

Then, the speed of rotor 2 increases to 400 r/min, while the
speed of rotor 1 is also increased by 100 r/min at each step.
Fig. 17 shows the variation of speeds and current of the machine
in all methods. It can be seen that the maximum speeds of rotor 1
all decrease except for that in method II. In method I1, the two sets

(c) (d)

Increase in speed of rotor 1 when rotor 2 runs at 400 r/min. (a) Method I. (b) Method II. (c) Method I11. (d) Method IV.
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Fig. 18.  THD of phase currents when rotor 2 runs at 400 r/min. (a) Method 1.
(b) Method II. (¢c) Method III. (d) Method IV.

of windings are driven separately, so the speeds of two rotors do
not affect each other. In the other three methods, the maximum
speeds of rotor 1 are 420, 750, and 900 r/min, respectively. The
speed range of the proposed method is also much wider than that
of methods I and III, although the increase in the speed of rotor
2 reduces the speed range of rotor 1. Thus, the enlargement of
the modulation range is not affected by the rotor speed. Fig. 18
shows the THDs of phase currents when rotor 2 runs at 400 r/min.
Apart from method II, another three methods all have larger
THDs when the speed of rotor 2 is larger. The THD reaches
55.44% in method III when rotor 1 runs at 750 r/min. The THDs
of 1,2 also become larger compared with those in Fig. 15. It
means the increase in the speed of one rotor can not only reduce
the speed range of another rotor but also increase the THD of
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Fig. 19. Common leg currents and modulation signals when rotor 2 runs at
400 r/min. (a) Method I. (b) Method III. (¢c) Method IV.

phase currents with constant dc-bus voltage. However, compared
with methods I and III, method IV nearly has the smallest THD
and widest speed range. It means the contradiction between the
two sets of windings in the common leg can be relieved by the
proposed method.

Fig. 19 shows the common leg currents and modulation sig-
nals when rotor 2 runs at 400 r/min. The current and modulation
signals when rotor 1 runs at 300 r/min are also taken as an
example. Compared with the current controlled by the same
method in Fig. 16, it has a different distorted waveform and a
similar amplitude. The frequencies are also different. It shows
different speeds can lead to different distortions in the common
leg current, but the amplitude is hard to be affected. Besides, the
amplitudes of the current controlled by the three methods are
also the same, which means the amplitude is mainly affected
by the load rather than the control method. It can be seen
that the increase of rotor 2 speed makes all the modulation
signals increase. When rotor 2 runs at 400 r/min, method I
is overmodulated easily. Compared with Fig. 16, modulation
signals have different amplitudes. Thus, the increase of either
speed will increase the modulation signals. The current THDs
are larger when rotor 1 runs at the same speed.

VI. CONCLUSION

This article proposes an improved PWM control method for
the DSAR-AFPMM to get a wide speed range. The machine
has two independent rotors and two sets of windings, so a
seven-leg VSI is proposed as a reduced-switch-count SEW
drive topology. It greatly enlarges the speed range of the two
rotors of the machine. As for the improved PWM method, it
optimizes the injected ZSC to relieve the contradiction between
the duty cycles in the common leg according to the cost function.
The comparison between different control methods shows the
proposed method has the widest speed range. The experiment
shows the THD of phase current will increase with the speed, but
the improved PWM method still has the smallest THD among
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all the methods. It also does not add extra burden on the common
leg. This method can also be applied to similar multimotor drives
in addition to the proposed DSAR-AFPMM drive. It will not be
affected by the machine types.
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