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Abstract—Due to the advantages of high torque density and 
compact mechanical structure, brushless dual-mechanical-port 
dual-electrical-port (BLDD) PM machine has become a 
promising- alternative in series-parallel HEVs. However, two 
sets of windings in the same core may also result in flux cross 
coupling, which deteriorate control performance. Through 
special design of the magnetic circuit, the two sets of windings in 
the stator side are decoupled. In this paper, the mathematical 
model of BLDD-PM machine is analyzed firstly. Then, based on 
energy management system and the model of machine, the 
decoupled vector control algorithm for outer and inner rotor is 
developed. Next, common operation states under city road 
condition for hybrid vehicles have been summarized. According 
to operation state of HEV, the power flow analysis in the BLDD-
PM machine system has been done. To validate the analysis 
results, experimental test under different operation condition has 
been conducted. Test results show good control performance of 
the BLDD-PM prototype and verify the correctness of analysis. 

Index Terms—BLDD-PM machine, power flow analysis, HEV. 

I. INTRODUCTION 

oday, in the background of energy saving and high 
efficiency, hybrid electrical vehicles (HEV) has aroused 

wide concern from both academic circle and industry due to 
its high energy efficiency, energy diversity and clean 
characteristics [1]~[2]. Since there are two source of energy 
supply (i.e. fuel energy and electrical energy) in the car, 
energy distribution device has played a dominant role under 
the whole HEV operation process. Conventionally, in 
traditional automotive drive system, automatic transmission 
usually with the continuous variable transmission (CVT) has 
acted as a power transmission system. However, in HEV drive 
system, internal-combustion engine (ICE), electrical motor 
and generator constitute a new type of transmission device, 
which is also called electrical CVT (e-CVT) [3]~[4]. The 
power-splitting device of e-CVT is normally designed to a 
planetary gearbox, allocating the power flow of ICE and 

battery to drive the whole system efficiently. The whole 
scheme of typical single-mode transmission is shown in the 
Fig. 1. It is worth mentioning that this structure has been first 
used in Toyota Prius hybrid models and achieved great 
commercial success. 

To replace planetary gearbox, and further improve the 
system operation efficiency, the concept of four-quadrant 
transducer (4QT) concept was proposed in [5]~[7] to operate 
the ICE independent of road load condition. The 4QT system 
concept diagram is illustrated in Fig. 2. Though these 
conventional dual rotor machines possess the advantages such 
as high compactness and high power density, but undeniably, 
windings should be placed on the rotor, which means brushes 
and slip rings must be used in dual mechanical port (DMP) 
machines [8]~[10]. These brushes and slip rings will 
inevitably reduce the system reliability thus increasing 
maintenance cost. 
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Fig1.  Conventional hybrid power system. 

To get rid of the negative influence brought by brushes and 
slip rings, a new DMP machine type named brushless dual-
mechanical-port dual-electrical-port (BLDD) PM machine 
was proposed and analyzed based on previous concept and 
work [11]. This type of machine is usually designed on the 
basis of the flux modulation theory [12]~[17]. The whole 
machine can be regarded as a magnetic geared machine 
(MGM) and a regular PMSM machine cascaded through 
mechanical shaft [18]. The brushes and slip rings are 
eliminated and the rotor armature winding is moved to stator. 
In [19]~[20], the MGM and PMSM parts are separated in axial 
direction, and the control of this system is investigated in [21]-
[26]. In addition, the two parts can be integrated into one 
frame [27]-[29], and this structure is more compact. Recently, 
a new BLDD machine topology with spoke array magnets in 
flux modulator is proposed to further improve torque density 
of this machine [30]. Due to the special magnetic circuit 
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design, the torque capability of the PMSM part in the proposed 
machine is increased significantly. 

Although there are many papers discuss the topology of the 
BLDD machine, energy distribution state or control strategy 
of this new type e-CVT under HEVs different operation 
conditions has not been well studied. The analysis of two 
kinds of energy flow and control strategy are the basis for this 
machine to get practical application in the HEVs, and they are 
also the core focus of BLDD-PM machine drive system. 
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Fig. 2.  The four-quadrant transducer concept diagram. 

In this paper, the operation characteristics of a newly type 
topology machine is investigated. Based on the BLDD-PM 
machine operation principle and external characteristic 
analysis, a basic control algorithm is developed for this 
machine. The machine structure and operation principle will 
be introduced in Section II. Section III will focus on energy 
flow under different operation condition. Then, Section IV 
will be devoted to design basic vector control algorithm. 
Finally, based on the newly type experiment prototype of 
BLDD-PM machine, experimental validation of will be given 
in Section V. 

II. MACHINE STRUCTURE AND OPERATION PRINCIPLE 

As mentioned before, BLDD machine plays the role of the 
core component during the whole energy conversion process 
in the HEV. Generally, there are three types of HEV, i.e., 
series structure, paralleled structure and series-parallel 
structure. From the operation principle, the proposed BLDD 
machine system can be divided into series-parallel structure. 
The typical structure of series-parallel HEV has been shown 
in Fig. 1. However, different from the conventional series-
parallel structure, the inner rotor of the BLDD machine is 
coupled with output rotor through an electromagnetic gear 
rather than mechanical one. So the modulation winding should 
be excited with proper current to maintain the function of 
electromagnetic gear when the ICE works. To get a better 
understanding of this machine, its structure and working 
principles are introduced firstly. 

A. Machine structure 

As mentioned before, a BLDD-PM machine is composed of 
one MGM and one regular PMSM. The structure of 
experiment used machine in this paper is shown in Fig 3. It is 
noteworthy that two machine parts, i.e. MGM part and PMSM 
part, have already been placed into one machine frame. The 
purpose of split tooth stator adopted in this machine is to 
separate two sets of windings and reduce coupling effect 
between them. The spoke array structure in modulation ring is 

proposed to focus flux thus reducing magnetic flux leakage 
and further increasing the torque density of the system.  

Besides, in this topology, permanent magnets have been 
placed both in the two rotors, so the modulator rotor and PM 
rotor name which are often used in conventional BLDD-PM 

machine are called outer rotor and inner rotor instead. In the 
stator side, there are two sets of windings referred to as 
modulation winding and regular winding, respectively. To 
decouple the two sets of windings, the windings displacement 
is presented as the Fig. 4, which takes phase A for example. 
From the final effect, the coupling between the two sets of 
windings can be regarded as the equivalent circuit Fig. 5. 
Specifically, the modulation winding is composed of the two 
section windings A and A’, and they are connected in series. 
The flux linkage of mutual inductance direction is marked in 
the picture, the flux produced by the regular winding links 
with the A and A’ in different direction. So the total effect of 
coupling is impaired significantly. The detailed design 
parameters listed in Table I. 
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(a)                             (b) 
Fig. 3.  BLDD-PM machine diagram. (a). Machine cross-section. (b). Pro-
totype for proposed BLDD-PM machine. 
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Fig. 4. Winding connection for phase A. 
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Fig. 5. Equivalent circuit of the two sets of winding. 
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B.  Operation principles 

Since there are two electrical ports and two mechanical 
ports in the BLDD machine, the torque and speed relation of 
the rotors and stators is far more complicated than normal one 
electrical port and one mechanical port machine. For the 
convenience of analysis in this paper, the positive directions 
of speed and electromagnetic torque are set along a 
counterclockwise direction.  

Due to the “magnetic gearing effect” [14]~[17], the pole 
number of the stator, outer rotor and inner rotor should satisfy 
such relationship (1) to produce stable electromagnetic torque. 

wm ro rip p p                   (1) 

where pwm, pro and pri are the pole pair number of modulation 
winding, outer rotor and inner rotor, respectively. For the 
machine shown in Fig. 3, slots Z=12, pri =20, pwm=2 and the 
pole ratio k is defined as the ratio of pri to pwm, that is 10. In 
the flux modulation machine, here it should be noted that the 
concept of pole ratio is similar to gear ratio in the gear system. 

From the final effect, it can be concluded that the torque of 
the outer rotor is formed by two parts: one can be called MGM 
part which represents the force produced by magnetic gear 
machine; the other is PMSM part, which means the force 
produced by conventional PMSM motor. 

For MGM part, firstly, magnetic field is produced by the 
current of modulation winding with pwm pole pair number. 
Then, this magnetic field with pwm pole pair number is 
converted to pole pair number of pri after modulated by the 
rotating outer rotor. Finally, this magnetic field with pole pair 
number of pri can couple with inner rotor to produce steady 
torque. To be more specifically, the electrical frequency of the 
three parts is always balanced by equation (2). And the 
equation can be further expressed in mechanical angular speed 
form as (3). Substitute (1) into (3), the final expression is 
written in (4). 

wm ro rif f f                 (2) 

wm wm ro ro ri rip p p               (3) 

ro wm ri

ri ro wm

p
k

p

 
 

 
            (4) 

where fwm, fro and fri are the electrical frequency of modulation 
winding, outer rotor and inner rotor, respectively. Ωwm, Ωro and 
Ωri are corresponding mechanical angular speed. In fact, if 
modulator rotor (outer rotor) is fixed, i.e. fro=0, the MGM can 
be regarded as a PM Vernier machine. Moreover, the MGM 
can be regarded as a conservative system, and the torque 
balance equation and the energy conservation equation can be 
written as (5) (6) (7). 

 
0wm rom rimT T T                 (5) 

Ω Ω Ω 0wm wm rom ro rim riT T T              (6) 

ri rimT T                    (7) 
where Trom is MGM torque components on the outer rotor; Tri 
and Trim are the total torque input by ICE shaft and MGM 
torque components of the inner rotor, respectively. Then, the 
torque relation of the three parts can be deducted from (1) (3) 
(5) (6), the final result is shown in (8) and (9). It is not difficult 
to find out from equation (4), (8) and (9) that the MGM can be 
totally equivalent to a planetary gear planetary gear 
mechanism. The only difference is that MGM motion parts are 
connected through magnetic field instead of mechanical 
connection. 

1 ro
rom rim rim

ri

k p
T T T

k p


              (8) 

1 wm
wm rim rim

ri

p
T T T

k p
              (9) 

As for PMSM part, the electrical frequency relationship of 
the conventional winding and outer rotor are the same as a 
regular PMSM machine since the conventional winding and 
the outer rotor can be regarded as an equivalent regular PMSM. 
The frequency relationship is shown in (10) and the total 
torque of the outer rotor can be expressed as (11). 

60
ro ro

wr ro
n p

f f


                (10) 

ro rom rorT T T                  (11) 
where fwr and nro are the electrical frequency of regular 
winding, speed of the outer rotor, respectively; Tro and Tror are 
total and PMSM torque components of the outer rotor, 
respectively. The design purpose of regular winding electric 
port is to increase the total torque of the outer rotor and return 
extra energy to DC bus. 

The power relationship of the two rotors and windings can 
be summarized as (12)~(16). Here Pri, Pe_wm, Pe_wr and Pro 
represent the power of inner rotor, modulation winding, 
regular winding and outer rotor respectively.  

ri ri riP T                  (12) 

ro ro roP T                  (13) 

_ Ωe wr ror roP T                 (14) 

_ Ωe wm wm wmP T                (15) 

_ _ri ro e wm e wrP P P P              (16) 

TABLE I 
MAIN PARAMETERS OF THE PROTOTYPE 

Item Value
Outer rotor rated speed, rpm 1000 
Inner rotor rated speed, rpm 1000 
Outer rotor rated torque, Nm 8 
Inner rotor rated torque, Nm 13.5 

Outer rotor rated phase current, A 48.5 
Inner rotor rated phase current, A 8.5 

Modulation winding rated phase voltage, 
V 

35 

Regular winding rated phase voltage, V 50 
Stator outer diameter, mm 210 
Stator inner diameter, mm 130 

Stack length, mm 100 
Air-gap length, mm 1 

Number of modulation winding pole pairs 2 
Number of regular winding pole pairs 11 

Outer rotor pole pairs 22 
Inner rotor pole pairs 20 
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III. DESIGN OF CONTROL ALGORITHM 

A. PMSM high frequency vibration analysis 

As mentioned before, through special magnetic circuit 
design, the two windings are decoupled and cross coupling 
component is deduced to a relatively low level. For the 
convenience of deduction, the coupling effect can be 
neglected. Based on this premise, the flux linkage equations in 
d–q reference frame can be written as (17), where the subscript 
-wm represents variables of the modulation winding and -wr 
represents variables of the regular winding. 

__ _ _

__ _ _

_ _ _ _

_ _ _ _

0

0

d wmd wm d wm dq wm fri
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 
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(17) 

Then, voltage equation in d–q reference frame can be 
expressed as: 

_ _ _ _ _

_ _ _ _ _

_ _ _ _ _

_ _ _ _ _
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 (18) 

According to the aforementioned analysis of machine 
external characteristic, the electromagnetic torque on the inner 
and outer rotor can be expressed as (19). With this 
mathematical model, the control strategy based on vector 
control strategy can be developed and applied on the prototype. 
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   (19) 

B. Control strategy under HEV operation condition 

To obtain a precise control performance, the two rotors’ 
position must be detected to implement field-oriented control. 
For the regular winding, it is designed as an auxiliary winding 
and its flux only couples with the outer rotor, therefore, the 
electrical angle for regular winding can be detected only 
through outer rotor resolver. However, the electrical angle for 
modulation winding is determined by the relative position of 
outer and inner rotor according to the equation (2), and can be 
obtained by (20). 

wm ro ri                    (20) 
In the initial location of the rotors, a direct current is first 

injected into regular winding, outer rotor is forced to align 
with regular winding axis. Then another direct current is 
injected into modulation winding, which force inner rotor to 
align with virtual axis produced by modulator and modulation 
winding. It should be noted that although the two rotors may 
vibrate by cogging torque in the initial location process, this 
vibration cannot affect each other.  

The whole basic control diagram based on field-oriented 
control strategy has been illustrated in Fig. 6. This control 

diagram is only used in pure electrical drive mode. There are 
two control structures in the diagram, which control the outer 
and inner rotor speed, respectively. Each control structure is 
with a double-loop form, which is with a speed loop in the 
outside and a current loop in the inside. The positions of outer 
and inner rotor are detected simultaneously to close up 
modulation winding current loop. 
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Fig .6.  The whole basic control diagram. 

For normal hybrid electric drive operation, the control 
diagram can be changed into Fig. 7. Speed command of the 
outer and inner rotor are removed. The control instruction of 
the motor is given by an energy management unit. It decides 
the operation mode of the HEV and gives control signal to the 
machine according to driver’s instruction in the real time. The  
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Fig. 7.  Hybrid electric drive operation control diagram. 

design of energy management is based on the whole vehicle 
test with optimization theory [31] [32], which is not elaborated 
here. Generally, according to the state of charge (SOC) of the 
battery and power requirement, the energy management 
system will give instructions of inner and outer rotor torque. 
Then, based on the characteristics of the machine (8) (9) (11) 
(19), the corresponding torque distributions of outer and inner 
rotor are calculated into current reference of two sets of 
windings, the diagram is shown in Fig. 8. 
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Fig. 8.  Diagram of calculation of current reference. 
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IV. ANALYSIS OF ENERGY FLOW UNDER DIFFERENT 

WORKING CONDITIONS 

Under the HEVs’ normal operating conditions, the BLDD 
system is designed as an energy distribution unit. The 
proposed drive system diagram for this BLDD machine is 
shown in Fig. 9. It is constructed with a double three-phase 
half bridge structure converters. The two converters share a 
same DC bus bar, which is linked to battery through a DC/DC 
converter. Each AC/DC converter is connected to one set of 
winding to realize energy output or energy feedback. The 
function and mechanical connection of the two rotors is as 
follows: the outer rotor serves as the main drive rotor and is 
connected with reducer, and it is driving the wheels of HEV 
directly. While The inner rotor serves as a mechanical power 
input port and is connected to internal-combustion engine 
through a normal coupling to transmit mechanical energy to 
BLDD machine. 

Normally, common operation mode under city road 
condition for hybrid vehicles is shown in Fig. 10. It can be 
figured that required output speed and torque are varied with 
HEV’s different operation state. To keep ICE working along 
the maximum efficiency curve, the BLDD machine changes 
the torque and speed from the best efficiency point for ICE to 
the torque and speed required at reducer. In fact, for the real 
application, the ICE and battery have to be instructed to 
cooperate or work alone to supply output power of the whole 
car according to the road condition and vehicle’s speed 
variations.    
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Batterry
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Wheels

Power electronics 
devices
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Fig. 9.  Drive system for BLDD machine in hybrid electrical vehicles. 
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Fig. 10.  Common operation mode for hybrid vehicles. 

Different operation state of the HEV determines the two 
AC/DC converters’ power flow. Here the positive direction of 
power is set as follows: for electrical pot, positive power 
represents power flowing from the battery to motor shaft; 
alternatively, the negative power represents power flowing 
from the motor shaft to battery.  

When the car is running forward, the torque input from ICE 
Tri>0, according to (9), Twm>0. Since power is the product of 

torque and speed, the power flow for modulation winding is 
determined by direction of the fwm. Considering critical 
situation, when fro=fri, then fwm=0. At this moment, magnetic 
field produced by modulation winding is at standstill, even 
though outer rotor and inner rotor are rotating with the 
relationship Ωro/Ωri=pri/pro. The power flow for modulation 
winding is 0. Similarly, for regular winding, the machine outer 
rotor speed direction is fixed, i.e. fwr=fro>0, the power flow is 
determined by direction of the Tror. According to this rule, the 
drive state of the system can be classified into following types: 
1) Pure electric drive 

In this state, the HEV is driven by pure electrical energy 
from battery. The ICE is not working and detached from 
BLDD system. The modulation wingding is in open circuit 
condition and the output shaft is mainly controlled by regular 
winding. So the whole machine is functioned as a 
conventional PM machine. The mechanical power and 
electrical power flow path are marked in Fig. 11. 
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Fig. 11.  State 1: Pure electrical drive. 

2) Pure engine drive 
In this state, the HEV is driven by pure mechanical energy 

from the ICE. The electrical frequency of the outer and inner 
rotor meet the constraint fro=fri, while the torque on outer and 
inner rotor satisfy the equation Tro=(pro/pri)Tri. The regular 
wingding is in open circuit condition and the modulation 
winding is excited with proper iq current to maintain the 
function of electromagnetic gear. Theoretically, the power of 
outer rotor and inner rotor are equal to each other, but the 
reality is that the main winding will still supply power for the 
copper loss and core loss. The mechanical power and electrical 
power flow path are marked in Fig. 12. 

Modulated 
Winding

Conventional 
Winding

Pe_wm

Pe_wr=0

Pout=PiPtrans

Pi

Battery

DC/DC

Mechanical Power

Electrical Power

BLDD Machine  
Fig. 12.  State 2: Pure engine drive. 

3) Reduced speed and increased torque 

In this state, the electrical frequency of the outer and inner 
rotor meet the constraint fro<fri, while torque on outer and inner 
rotor meet the constraint Tro>(pro/pri)Tri. MGM is in the 
generator state while PMSM motor is in the motor state. The 
speed of the outer rotor is reduced and the torque is increased 
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compared to the inner rotor. The mechanical power and 
electrical power flow path are marked in Fig. 13. This state 
can be used in low speed and high torque working state of the 
HEV. 
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Fig. 13.  State 2: 
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4) Increased speed and increased torque 

In this state, both the torque and speed are increased from 
ICE. The electrical frequency of outer and inner rotor meet the 
constraint fro>fri, and torque on outer and inner rotor meet the 
constraint Tro>(pro/pri)Tri. MGM and PMSM motor are both in 
the motor state. The speed and torque of the outer rotor are 
both increased compared to the inner rotor. The mechanical 
power and electrical power flow path are marked in Fig. 14. 
The state can be chosen when high speed and high torque 
working state is required by the HEV. 
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5) Increased speed and reduced torque 

In this state, electrical frequency a of outer and inner rotor 
meet the constraint fro>fri, while Tro<(pro/pri)Tri. MGM is in the 
motor state while PMSM motor is in the generator state. The 
BLDD system reduces the torque and increases speed from 
ICE. The mechanical power and electrical power flow path are 
marked in Fig. 15. Choosing this state means HEV is in the 
high speed and low torque working state. 
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6) Reduced speed and reduced torque 

In this state, electrical frequency a of outer and inner rotor 
meet the constraint fro<fri, and torque on outer and inner rotor 
meet the constraint Tro<(pro/pri)Tri. MGM and PMSM motor 
are both in the generator state. The BLDD-PM machine 
system reduced both the torque and speed from ICE, the 
excess energy is flowing into battery through converters. The 
mechanical power and electrical power flow path are marked 
in Fig. 16. This state can be used when the HEV requires low 
speed and low torque of the output shaft. 
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7) Regenerative braking 

In this state, ICE is shut down, remained kinetic energy on 
the input and output shaft will recharge the battery together 
though modulation winding and conventional winding. MGM 
and PMSM motor are in the generator state. The mechanical 
power and electrical power flow path are marked in Fig. 17. 
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Fig. 17.  State 6: Regenerative braking. 

The total drive states of BLDD-PM machine system are 
shown in table II, where -1 stands for negative power state, 0 
stands for not working and 1 stands for positive power state. 
It should be stressed that drive states of different operation 
condition are defined according to users’ demand and can be 
used in combination. 

TABLE II 
DRIVE MODE OF THE BLDD MACHINE  

Modulation 
Winding 

Conventional 
Winding 

Drive Mode 

-1 -1 ,  o i o iT T    

-1 1 ,  o i o iT T    

0 0 Stationery state 
0 1 Pure electrical drive  
1 -1 ,  o i o iT T    

1 0 Pure engine mode 
1 1 ,  o i o iT T     
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V. HARDWARE AND EXPERIMENTS 

To verify the analysis mentioned before and implement 
different function under different operation condition, the 
prototype and experiment platform has been designed and 
fabricated. The picture of stator core, rotor structure, and the 
whole machine are illustrated in Fig. 18. The whole picture of 
test bench is shown in Fig. 19. In this experiment, a servo 
motor is used to simulate the ICE and the servo motor is 
controlled with speed control mode to simulate one operation 
point of ICE at each time. The hardware of control system is 
shown in Fig. 20. The main control board is designed based 
on TI company TMS320F28377D chip and the main power 
circuit is designed based on Infineon FF300R17ME4 IGBT 
module along with its drive module. Under no load condition, 
steady state waveforms of back EMF tested with 0.5 rated 
speed of inner and outer rotor are shown in Fig. 21. 

(a) 
 

(b) (c) 

Fig. 18.  Prototype of BLDD-PM used in the experiment: (a). Stator core. 
(b). Rotor structure. (c). Overall diagram. 
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Fig. 19.  BLDD-PM machine system test bench. 

Fig. 22 gives the dynamic process of BLDD-PM system 
starting, when the machine is at pure electric drive operation. 
The outer rotor starts up and accelerate to 200 rpm with 5N.m 
load only through regular winding. The modulation winding 
does not work this time. It can be seen that the phase voltage 
and current of the regular wingding are nearly in the same 
phase. It means regular winding is in the motor state. 

Current Sensor

IGBT Inverter 2

IGBT Inverter 1

Current Sensor

Capacitors

DC bus

Power
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(b) 
Fig. 20.  Control system of BLDD-PM machine: (a). Main circuit based 
on Infineon IGBT module. (b). Control board based on TMS320F28377D.
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(a)                          (b) 

Fig. 21.  No load back EMF tested with 0.5 rated speed of inner and outer 
rotor: (a). Outer rotor 500 rpm and inner rotor standstill. (b). Inner rotor 500 
rpm and outer rotor standstill. 

 
Fig. 22.  Machine start from standstill to 200rpm with 5 N. m load in the 
experiment. 

Fig. 23 shows the transient response to a sudden load torque 
reduction under low speed condition. In this state, the speed 
of outer rotor is kept a constant 200 rpm while the torque will 
endure a reduction. This state happens when the HEV has been 
started and gradually run at a low speed under smooth road 
condition. In the experiment, the ICE is linked into system 
with 500rpm and 5N.m, and the torque of outer rotor is 5.5 N. 
m at first and reduced to 2N. m later. From the picture, the 
phase of current and voltage of regular winding are nearly 
reversed after load reduction, which means regular winding 
return energy to DC bus. And modulation winding state keeps 
as the generator state during the whole process. 

 
Fig. 23.  Torque reduction of outer rotor from 5.5 N. m to 2 N. m when the 
outer rotor is kept 200 rpm in the experiment. 
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Fig. 24.  Accelerate process from 200 rpm to 800 rpm with a 5 N. m load. 

When the HEV is accelerating to a high speed, the torque 
and speed are boosted from ICE to reducing gear by BLDD 
machine system. The state of MGM and PMSM are both 
switched to motor mode. Fig 24 illustrates this process. 

Fig. 25 shows the transient response to sudden load torque 
reduction under high speed condition. The outer rotor speed 
remains stable in the process. Different from Fig.23, the 
regular winding is switched to feedback energy state, while 
the modulation winding state is at motor state. 

 
Fig. 25.  Torque reduction of outer rotor from 5.5 N. m to 2 N. m when the 
outer rotor is kept 800 rpm in the experiment. 

The deceleration process of the machine is shown in Fig. 26. 
In this state, the regular winding is required to work in 
generator state. The modulation winding is firstly maintaining 
the function of the electromagnetic gear, and then when the 
outer rotor speed has been reduced to low speed area, it begins 
to feedback the ICE mechanical energy to the DC bus. The 
mechanical energy stored on the rotating shaft is gradually 
transmitted to electrical energy in the DC or battery side.  

Finally, the efficiency of the machine has been tested. In the 
experiment, the operation point of the ICE is fixed as 500 rpm 
and 4.5 N.m. Then, the speed and torque of the outer rotor 
have been changed to obtain the efficiency map, as it shown 
in Fig. 27. Because the machine is designed as a low-power 
prototype for principle verification, the rate of core loss, 
copper loss and switching loss are relatively higher, as a result, 
the efficiency of the machine is not so good. 

 

 
Fig. 26.  The deceleration process in the experiment. 

 
Fig. 27.  Efficiency map of the machine. 

VI. CONCLUSIONS 

BLDD-PM machine system can separate ICE and wheels 
through magnetic field, and can make ICE operate along the 
maximum efficiency curve under different road conditions. 
This paper gives an investigation of control strategy of this 
machine drive system and power flow under different 
operation state. Firstly, based on a new structure type, the 
operation principle and characteristic of this motor is 
illustrated. Then, the mathematical model of flux decoupled 
mathematical model of this motor together with its basic 
vector control strategy is developed. Next, according to 
common operation state of HEVs under city road condition, 
the power flow of the BLDD-PM machine system during 
different process has been analyzed. Finally, Experimental 
tests have been done on the BLDD-PM prototype. Here some 
conclusions can be derived: 

(1). BLDD-PM machine system can be totally regarded as a 
MGM and PMSM cascade through magnetic field. 

(2). By special design of the magnetic circuit, the two sets 
of windings in the stator side are decoupled, and can be 
controlled independently.  

(3). The electrical angle of rotating synchronous coordinate 
system for modulation winding is determined by the relative 
position of outer and inner rotor, and for regular winding is 
only determined by the position of outer rotor. 

(4). When ICE operates at fixed point, the power flow 
direction for modulation winding is determined by direction 
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of the fwm and for regular winding is determined by direction 
of the Tror. 

(5). Experimental test results under different operation 
condition show good control performance of the BLDD-PM 
prototype and verify the correctness of analysis. 
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