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Abstract-Vector control of a magnetically modulated motor
(MMM) is described in this paper. The structure of the motor is
rather different from a standard permanent magnet
synchronous motor (PMSM) because it has two rotors with two
different mechanical output shafts, i.e., an outer magnetic-flux
modulator and an inner PM rotor. There have been several
studies on an electromagnetic field analysis and an optimum
design of the motor, but investigation on the vector control using
a real machine is still unexplored. Therefore, the paper
discusses the vector control algorithm of the MMM and
experimentally examines control performance of the mechanical
output power delivered by the two rotors, using a prototype
machine. Several experimental tests have been conducted under
some driving modes, assuming a hybrid electric vehicle (HEV)
application. It has been verified that the control algorithm
discussed in the paper makes it possible to control the two rotor
output power as well as the stator input power like a
conventional planetary-gear-based HEV, including the motoring
and regenerating modes.

. INTRODUCTION

In recent years, studies on a magnetically modulated motor
(MMM) are intensively promoted for the purpose of
integrating a hybrid electric vehicle (HEV) system with a
power split mechanism. The MMM has two rotors, i.e., an
outer magnetic flux modulator and an inner permanent
magnet (PM) rotor [1], [2]. The former transfers the
mechanical power to the drive shaft, and the latter is
mechanically coupled with the engine in a standard use. The
MMM can synthesize the engine power and the mechanical
motor power converted from the input electric power supply,
and deliver the synthesized mechanical power to the drive
shaft through the modulator. In addition, surplus mechanical
power from the engine can be regenerated to the electric
power supply through the stator. The stator rotating magnetic
flux is modulated by the outer rotor, and the modulated
magnetic flux interlinks the inner PM rotor to generate the
torque; thus, additional power losses are caused by the
interlinking magnetic flux which includes various high
frequency components, e.g., eddy current loss in the PM and
extra iron losses in the rotor [3]. Therefore, investigations on
the optimized configuration of the motor are still conducted
using FEM based electromagnetic analysis [4]. In addition,
an operation principle and a control algorithm are discussed

due to its electrical and mechanical complexity. However,
the detailed vector control (the field oriented control)
algorithm has not been explored yet [5].

The authors investigated the basic model of the MMM and
its simplified magnetic circuit to derive the voltage equation,
which is the basis of the vector control [6]. In addition to that,
a prototype has been produced for verification of the
operation principle, and some experimental tests have been
conducted to simulate the typical HEV driving modes. The
vector control is carried out on the basis of the derived
voltage equation, focusing on the followings:

1) relationship between the torque and the gear ratio;

2) characteristic between the torque and the current;

3) verification of the derived voltage equation with the

experimental results; and

4) power flow of simulated HEV driving modes.

Il. VOLTAGE EQUATION OF MAGNETICALLY
MODULATED MOTOR

A. Simplified Magnetic Circuit of Basic Model

The MMM to derive the mathematical model has Ps : Py, :
Pmod =0 :2n: 3n (n is a natural number) relationship, where
Ps is a pole pair number of the stator, Py, is the number of the
modulator iron cores, and P4 is @ pole pair number of the
inner PM rotor. The rotor is assumed to be a surface PM
structure. Fig. 1 shows a magnetic circuit of the MMM,
where Ps : Py @ Pnog = 1:2:3 (n=1). In the figure, & is
stator back yoke reluctance, ®; is stator tooth reluctance, ®; is
air gap reluctance, ®noq is modulator reluctance, ®; is inner
PM rotor core reluctance, and ®Re. IS reluctance
corresponding to the total leakage flux. The number of the
winding turns is N for each phase.

Fig. 2 is a three-phase magnetic circuit of the MMM.
Assuming that ®,, ®,, and ®, are the total reluctance of the
three phases, they can be expressed by the following equation
because the reluctance variations of the three phases caused
by the modulator are in phase with each other:

@u = R'v = R'w = R»dc - Rmodcos(Pmodeod) (l)

L Rge =Ry + R+ R, +R, /3 ’
where 64 is @ modulator position. Solving the three-phase
magnetic circuit shown in Fig. 2, the total number of flux
linkage at the phase U coil can be obtained as
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The self inductance L of each phase and the mutual
inductance M can be derived from (2) as follows:
L=+ Ly, +L,.cOS(Proibios)
1 1
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B. Voltage Equation and Power Flow of Basic Model

The stator pole pair is different from the rotor pole pair in
the MMM, which is the most important different feature from
common PM motors. Therefore, it is necessary to discuss the
voltage equation of the MMM, taking the pole pair number
difference between the stator and the rotor into account. The
magnetomotive force of the PM for each phase ¥, %, T, can
be expressed as

F=F cos(PpmHPm)
T, =chos(Ppm9pm—%J , (4)
4P,
F, =F coy P, 0, - ETH

where 6,, is an inner PM rotor position and & is the
maximum value of the PM magnetomotive force.
On the other hand, a three-phase voltage equation of the

MMM can be obtained on the stationary reference frame as
v, ROOiudLMMiudy/u

vV, [=|0 R O|i, |[+—|M L M|i, [+—|w,

v,| [0 0 R[i,| %M ™M LJ[i| %y,
where R is the stator winding resistance and y,, ¥, w4, are the
number of flux linkage for each phase after magnetic
modulation. There is a relationship y, = L&/N, for example.
By applying Clarke transformation and Park transformation
to (5), a two-axis voltage equation can be obtained on the -6
rotating reference frame as

. (5

w

R+pL —olL Ti -5
v +pL -l | I
7| = 4
e Y
8 N
SO= l:)mod mod I:)pma)pm
Through the above calculation process, the Park

transformation is carried out by the rotational coordinate
transformation using the rotational angle between the
stationary reference frame and the rotating reference frame as

O=at=P ~Pon@pnt = G100 — Oy (7)

mod mod
where amoqs and wpm are mechanical angular frequencies of the
modulator and the inner PM rotor, respectively. As can be

by
Fig. 2. Three-phase magnetic circuit.

seen in (6), the voltage equation of the MMM is similar to
that of the common PM motor on the whole, but extra
electromotive forces caused by the asynchronous frequency
components are generated as follows:

3U+L
E _Ppm pm\/;( NdC)FSIn(Pmodgmod)
3 L, F
+ (Pmoda)mod +P ma) m)\/; N Sm(zpmodemod)
3(F+L '
Eﬁ = Ppmwpm\/;( NdC)F COS(Pmodeod)

3 L, F
+ (Pmodwmod + Ppma)pm)\/; N COS(ZPmodemod)

On the other hand, the input electric power can be
calculated as follows by using the voltage equation (6):

L..F .
P=vi +v(,|b—R( +|5)+w\/§ ;‘\CI(FL;

= R(i +1i ‘)+ Oro4Tmod T Do pr - 9
3 L,F. 3 L,F.
._~1pm:—Ppm\/; N i5 Tmod = Prod 8 ?\j [N
The following torque equation is obtained from (9) and the
relationship of the synchronous frequency:

(®)

P, P,
B L T 10
s Ppm pm Pmod mod ( )

As is described, the MMM corresponds to a planetary gear
widely used as a mechanical power splitter, and is capable to
distribute the mechanical power among the electric power fed
by the inverter, the inner PM rotor, and the modulator.
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TABLE | SPECIFICATIONS OF PROTOTYPE MMM.

Number of stator pole pairs Ps 4
Number of rotor pole pairs Pon 8
Number of modulator cores Ppq 12
Stator outer diameter 120 mm
Rotor diameter 61.2 mm
Axial length of core 49.5 mm
Air gap length 0.7 mm

Winding connection 4 series-2 parallel

Maximum current 150 Arms

Armature winding resistance R 33.3mQ
Inductance on rotating reference frame L 0.27 mH
Stator flux linkage v, 3.8 mWh

PM-rotor

(a) Cross sectlon

Coupli

(c) Mechanical configuration.
Fig. 3. Configuration of MMM and HEV application.

1. PROTOTYPE AND EXPERIMENTAL SETUP

Specifications of the prototype MMM are listed in
TABLE I. The PM used in the prototype is N39UH (Nd-Fe-
B, B,=1.22T, Hy = 965.7 KA/m@293 K).

Fig. 3 shows a cross section of a motor and the
mechanical and electrical connection diagram for a HEV
application. The inner PM rotor and the modulator are
mechanically connected to the engine and the drive shaft,
respectively, and the motor can deliver the torque according
to (10) in a motoring mode or a regenerating mode.

Fig. 4 is a photograph of the experimental setup. The two
servo motors are connected to the modulator and the inner
PM rotor, respectively, and their rotation speeds are
controlled independently with two servo amps. The MMM
is controlled by a single inverter, and only the torque control
is carried out with the vector control. By using two torque
meters, two of the mechanical output powers from both
shafts can be measured at the same time. The rotation
angles of the modulator &4 and the inner PM rotor G, are
detected with resolvers mounted on the two shafts, which
are used for rotational coordinate transformation in the
vector control. Fig. 5 shows a block diagram of the vector
control system.

Prototype MMM

Torque meter 2

Torque meter

Load 1 Load 2
Fig. 4. Experimental setup.
spped control
torque control Loz )
_ .‘Smm!
o vy v, r - | —
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Bpm. Ot —
/
Be
iY
305 4—I7
s 2d> ._17

Fig. 5. Block diagram of vector control system for MMM.

V. HEV SIMULATED DRIVING MODES AND OVERVIEW
OF EXPERIMENTAL TESTS

A. HEV Simulated Driving Modes

Fig. 6 illustrates three driving modes that simulate HEV
operations, where collinear charts and simple power flow
diagrams are indicated. The following three driving modes
are examined through the experiments:

1) anengine assist mode;

2) an EV mode; and

3) aregeneration mode.

The first test is the engine assist mode, which superimposes
the motor output power onto the engine output power, and
delivers the synthesized mechanical power to the drive shaft.
The second test is conducted under the condition of zero
power from the engine, which is called an EV mode. In the
mode, the rotating speed of the inner PM rotor is fixed at 0
r/min. The last driving mode is the regeneration mode, where
the surplus mechanical power from the engine is regenerated
to the inverter through the stator while delivering the
mechanical power of the engine to the drive shaft.

B. Overview of Experimental Tests

The following four points are experimentally checked in
each driving mode:

1) relationship between the torque and the gear ratio;

2) the torque and current phase angle characteristic;

3) consistency between the voltage equation and the test

results; and

4) power flow.

The first point focuses on the relationship expressed by
(10). As described previously, the two shafts of the MMM
are connected to the two load machines through the torque
meters, it is possible to measure the rotating speed and the
torque of the modulator and the inner PM rotor without
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Fig. 6. Driving modes assuming HEV system, collinear charts, and power flow of MMM.

difficulty. On the other hand, the theoretical values of the
torque are available from (9), so comparable evaluation is
possible between the measured and the theoretical values.
The current phase angle g is changed by 15 deg. to check the
second point. The third point examines the relationship
expressed by (6). This test is carried out by giving the two-
axis current commands i, and is;, and comparing the
theoretical voltages calculated by (6) and the measured values
obtained from the controller.  Finally, power flow is
examined by measuring the input electric power, the output
mechanical power, the copper loss, and other losses.

V. EXPERIMENTAL TEST RESULTS

The experimental tests were conducted under the inverter
conditions of 80-V DC-bus voltage, 10-kHz switching
frequency, 4-us dead time. The measurement of the torque
was performed every 0.5 s to calculate an average value for
15 s of the measured torque. In order to achieve the vector
control as accurately as possible, various compensation
techniques are implemented in the controller, i.e., dead time
compensation, discrete time error compensation, on-voltage
compensation of the main switching devices, and so forth [7].
The CCW rotation of the inner PM rotor shaft is defined as a
positive direction for both of the torque and the speed.

A. Relationship between Torque and Gear Ratio

Fig. 7 shows the relationship between the torque and the &
axis current with keeping i, = 0. isis varied every 20 A over
the range from 10 to 90 A. It is confirmed from the figure
that the torque of the modulator z,,4 and the torque of the
inner PM rotor 7,, are delivered in proportional to is
regardless of the driving modes. As the theoretical equation
(10) indicates, the relationship between 7,04 and 7 is

p Ppmrmod/ mod — 2Tmod /3 ’ (11)

which is drawn in the figure as solid lines. The measured 74
and 7, agree with the theoretical values well.
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Fig. 8. Torque and current phase angle £ characteristic.

B. Torque and Current Phase Angle Characteristic

The torque and the current phase angle characteristic is
shown in Fig. 8, which is measured under the condition of the
engine assist mode. The reference phase angle g = 0 is
defined at the d-axis position, and the current phase angle gis
varied every 15 deg. from 0 to 360 deg. The current vector
norm is also kept constant at 90 A in the test. Since the
prototype has the surface PM structure of the rotor, the
similar characteristic to the SPMSM is obtained. As is seen
in the figure, the relationship (11) can be confirmed at every
measured point, which conforms with the theoretical values.
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C. Consistency between Voltage Equation and Test Results

In order to confirm the validity of the voltage equation (6),
consistency is examined between the two-axis voltages
calculated by (6) and their commands in the controller in the
following cases:

1) i, is varied under is= 0 condition; and

2) isis varied under i, = 0 condition.

Fig. 9 shows the measured and the theoretically calculated
results of the two-axis voltages in the three driving modes.
The engine assist mode and the EV mode satisfy the same
voltage equation because their phase sequence and their
inverter operating frequency are identical.

When i; =0, v, = Ri,and vs = @ (Li+ys) from the voltage
equation (6), which means that both of the two-axis voltages
are proportional to i,. On the other hand, substituting i, = 0
into (6), the voltage equations v, = —alisand vs = Ris + oy,
are obtained, which also means the two-axis voltages are
proportional to is. As can be seen in Fig. 9 (a), the two-axis
voltages vary almost linearly with the two-axis currents in the
both conditions of is; = 0 and i, = 0, and the relationships
between the voltages and the currents are independent of the
driving modes, i.e., the engine assist mode or the EV mode.
However, the voltage vs in the is = 0 condition and the
voltage v, in the i, = 0 condition include the inductance L as
proportional coefficients. Fig. 9 (a) indicates that L is
decreased as the currents goes up due to the magnetic
saturation phenomenon, which is confirmed by the significant
deviations from the theoretically calculated voltages in higher
current ranges. Fig. 9 (b) shows the two-axis voltages in the
condition of is = 0 or i, = 0, making the driving mode
regenerative operation. The measured results also agree with
the theoretical values for any conditions of the two-axis
currents even in the regeneration mode; hence, consistency
between the voltage equation and the real machine can be
confirmed.

Fig. 10 shows the three-phase currents and the two-axis
currents in the EV mode and the regeneration mode. The test
condition of the EV mode was i, = 0 and i;= 90 A, while the
regeneration mode was performed under the condition of i, =
0 and is=30 A. | can be seen in Fig. 9 (a) that the three-
phase currents are balanced and sinusoidal waveforms and
that the two-axis currents are following their commands with
small deviations. On the other hand, similar waveforms of
the currents are observed in the regeneration mode shown in
Fig. 9 (b). The current waveforms seem to have some ripples,
but it should be noted that the vertical axis scale of the graphs
is 1/3 of Fig. 9(a); thus, the current control on the rotating &
reference frame is carried out properly. The phase sequence
of the three-phase currents is changed to a negative one as
shown in Fig. 9 (b) because of the regenerating operation.

D. Power Flow

Fig. 11 shows power flow diagrams in three driving modes
assuming the HEV system. The engine assist mode and the
EV mode were operated at i, = 0 and iz = 90 A, while the
regeneration mode was examined at i, = 0 and is = 30 A
similar to the case shown in Fig. 10. The test results shown
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Fig. 9. Two-axis voltages and currents characteristics.
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in Fig. 7 indicate that 7, <0 and zneg > 0 wheni,=0and is=
90 A in the engine assist mode or the EV mode. The
collinear chart depicted in Fig. 6 also indicates that the MMM
is operated under the @y > 0 and a@me > 0 condition.
Therefore, the mechanical power of the inner PM rotor is
negative mmapm < 0, i.e., the rotor receives the mechanical
power from the load machine regarded as the engine, while
the mechanical power of the outer modulator is positive
Tmod @hod > 0, 1.€., the modulator delivers its mechanical
power to the load machine. In the case, supplemental electric
power is provided by the inverter, which is converted to the
assist mechanical power for the engine in the MMM.

The rotation speed of the inner PM rotor is zero in the EV
mode, which simulates the stopped engine. It is found from
Figs. 6 and 7 that @ym = 0 and @mneg > 0, and that zmeq > 0
when i, = 0 and is = 90 A in this mode. Therefore, the
mechanical power of the inner PM rotor is zero, while that of
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Fig. 11. Power flow of MMM in three driving modes assuming HEV system.

the modulator is positive, which means that the MMM gives
the mechanical power to the load machine through the
modulator. In the case, the inverter feeds positive electric
power to the MMM; hence, it is found that the MMM simply
converts the electric power received from the inverter to the
mechanical power.

The regeneration mode makes it possible to regenerate the
surplus mechanical power of the inner PM rotor to the
inverter through the stator windings, transferring the
mechanical power to the drive shaft through the modulator at
the same time. Negative input electric power from the
inverter to the MMM v,i, + vss < 0 is a requirement of the
regeneration.  As described previously, vsis < 0 is the
condition of the regeneration mode because of i, = 0. Fig. 12
shows the result of the input electric power to the MMM by
using the measured vs As seen in the figure, the input
electric power is negative in the range of the &-axis current is
from 10 to 50 A, which allows the regenerative operation. In
fact, the regeneration mode has been achieved when i, = 0
and is = 30 A because the electric power of the inverter is
measured negative.

Other losses indicated in Fig. 11 are a residue calculated by
the difference between the measured value and the theoretical
value. Iron loss and mechanical loss are not included in the
voltage equation of (6), so more than 15 % of the total input
power seems to be the iron loss and the mechanical loss
indicated as other losses.

VI. CONCLUSION

This paper discussed a voltage equation and a torque
equation of the magnetically modulated motor. The vector
control algorithm has been derived from the voltage equation,
and a prototype of the motor has been developed. An
experimental system has been set up, and various
experimental tests have been conducted with the prototype,
assuming three HEV driving modes. Feasibility of the
derived voltage equation has been confirmed through the tests,
comparing the theoretical values calculated from the equation
with the measured two-axis voltages. In addition, it has been
confirmed that the torque equation of the motor satisfies a
relationship of the gear ratio corresponding to a planetary
gear, which can be applied to the power splitter of the HEV
system. Furthermore, the power flow has been investigated
through the tests based on the three driving modes, and all the
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g 60 -
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& 40
200 /
0Fr
N
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20b e
| | | | | | I I I
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0 -axis current (A)

Fig. 12. Input electric power in regeneration mode.

three driving modes are operated properly. It has been found,
however, that iron loss of the motor is relatively dominant in
the power flow due to the harmonics of the magnetic flux
modulated by the outer modulator, which is a future work to
improve the motor performance.

The authors intend to analyze the harmonic components
caused by the magnetic flux modulation, and to investigate
the optimum design of the outer modulator and the inner PM
rotor to reduce the motor power losses.
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