
 

31 
 

Thi-Qar University Journal for Engineering Sciences, Vol. 4, No. 2 2013 

A Study on a Developed Electro-Mechanical Epicyclic  

Power-Drive (EMEC) for Hybrid Electric Vehicles (HEV)  
 

Abdul Baki K. Ali 

PhD in Mechanical Engineering / University of Basrah, Basrah, Iraq 

 

westofbas@yahoo.com, tel 009647801012423 

 

Abstract: 

Hybrid electric vehicles (HEV) draw much attention during the last years due to the need 

for alternative power resources with reduced emissions. The major disadvantages of HEV are 

the heavy weight, high cost and complicated control strategies. This paper focuses on a 

developed design for electro-mechanical differential unit. Most designer uses differential 

block as a mechanical linkage between two power sources. In this paper the differential unit is 

modified to do more than linkage. It acts as a continuously-varying-transmission (CVT), 

electric motivation unit and power regeneration unit. This of course leads to more compact 

and light weight vehicles.  The developed model uses three main units: Synchronous block, 

Differential block, and Induction block the three blocks are combined in a compact design.  

Mechanical-electrical power transformation is carried out through the synchronous block 

which acts also as regeneration unit during braking. On the other hand electrical- mechanical 

transformation is carried out through the induction unit. The differential unit plays the role of 

smart linkage between the synchronous and the induction units. Simulation through Matlab-

simulink is carried to show the validity of the model. The developed model proved to satisfy 

the properties of CVT and driving demands torques. 

 

حطىير وحذة حركت  كهروييكاَيكيت حعًم بشكم حفاضهي نُظاو انقذرة في انسياراث انكهربائيت دراست 

 .انهجيُت

 

ٌمذ عزثذ اٌغ١بساد اٌىٙشثبئ١خ اٌٙغ١ٕخ ا٘زّبِب ِزضا٠ذا خلاي اٌغٕٛاد الاخ١شح ثغجت اٌؾبعخ اٌٝ ِظبدسح ؽبلخ ثذ٠ٍخ 

الً رٍٛصب . ٌىٓ ِٓ اثشص ػ١ٛثٙب ٘ٛ صمً ٚصٔٙب ٚوٍفزٙب اٌؼب١ٌخ ِغ أظّخ اٌغ١طشح اٌّؼمذح. اعزخذَ ثؼغ اٌّظّّْٛ 

عٙخ ٚث١ٓ ِظذس٠ٓ ٌٍطبلخ ِٓ عٙخ اخشٜ . فٟ ٘زا اٌجؾش رُ رط٠ٛش إٌّٛرط اٌزفبػٍٟ وٛع١ٍخ سثؾ ث١ٓ اٌؾًّ ِٓ 

ٚٚؽذح رؾش٠ه وٙشثبئٟ ٚٚؽذح   CVTإٌّٛرط اٌزفبػٍٟ ١ٌىْٛ اوضش ِٓ ٚع١ٍخ سثؾ . أٗ ٠ؼًّ وّغ١ش عشػخ ِغزّش 

اعزشعبع ٌٍطبلخ ِّب ٠ؤدٞ اٌٝ ع١بسح الً ؽغّب ٚٚصٔب. ٠زىْٛ إٌّٛرط اٌّمزشػ ِٓ صلاس ٚؽذاد ٟ٘ اٌٛؽذح اٌزضا١ِٕخ 

اٌىٙشثبئٟ ِٓ خلاي اٌٛؽذح اٌزضا١ِٕخ ٚاٌزٟ رؤدٞ ا٠ؼب دٚس -ٚاٌٛؽذح اٌزفبػ١ٍخ ٚاٌٛؽذح اٌؾض١خ. ٠زُ اٌزؾ٠ًٛ ا١ٌّىب١ٔىٟ

ا١ٌّىب١ٔىٟ ِٓ خلاي اٌٛؽذح اٌؾض١خ. رؼًّ اٌٛؽذح اٌزفبػ١ٍخ -بلخ اصٕبء اٌفشٍِخ . ث١ّٕب ٠زُ اٌزؾ٠ًٛ اٌىٙشثبئٟاعزشعبع اٌط
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لاصجبد  ( Matlab-simulink ) ٌمذ اعش٠ذ ِؾبوبح ٌٍٕظبَ ثبعزخذاَ ثشٔبِظ وٛؽذح سثؾ ث١ٓ اٌٛؽذر١ٓ اٌزضا١ِٕخ ٚاٌؾض١خ. 

 ِغ ػضَٚ اٌزؾش٠ه اٌّطٍٛثخ. CVTاص ِغ١ش اٌغشػخ اٌّغزّش  فؼب١ٌخ إٌّٛرط .ٌمذ ٌجٝ إٌّٛرط اٌّمزشػ خٛ
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1. Introduction 

The studies for hybrid electrical vehicle (HEV) have attracted considerable attention 

because of the necessity of developing alternative methods to generate energy for vehicles due 

to limited fuel energy, global warming and exhaust emission limits in the last century [1]. 

HEV incorporates internal composition engine, electric machines and power electronic 

equipments. Many researchers classify HEV according to the power flow into serial, parallel 

and complex HEV‘s [2]. Recent papers focus on new configurations such as planetary [3] and 

differential [4] configurations. In planetary configuration (PC), the power-drive uses a 

planetary gear mechanism to connect an internal combustion engine, an electric motor and a 

generator. A highly efficient engine can simultaneously charge the battery through the 

generator and propel the vehicle (Fig.1). It is important to be able to set the engine operating 

point to the highest efficiency possible and at sufficiently low emission levels of undesirable 

exhaust gases such as hydrocarbons, nitrogen oxides and carbon monoxide. The motor is 

physically attached to the ring gear. It can move the vehicle through the fixed gear ratio and 

either assist the engine or propel the vehicle on its own for low speeds. The motor can also 

return some energy to the battery by working as another generator in the regenerative braking 

mode. 

 

 

 

 

 

 

 

 

 

 
Fig.1 [3] the prius car PC 
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Another innovative configuration is called differential configuration (DIfC) [4]; The 

(DIfC) is simple, cost-effective and easy to implement. The differential unit, which acts as 

mechanical torque-overflow keeps engine torque within a predefined value. This is achieved 

by the aid of torque loop attached to one terminal of the differential. The (DIfC) configuration 

proved to act as a CVT (continuously varying transmission) and also can perform efficient 

control strategies. Minimum emissions can be assured   by running the IC-engine within best 

engine performance zone which is characterized by engine torque and engine speed. Fig.2 

shows the main components of DIFC power-drive. IC engine is connected at shaft (B), DC 

generator connected to shaft (F1) and DC motor connected to shaft (F2). The DC motor is 

connected to the vehicle wheels either directly or by means of gear reducer. The other 

important thing to notice in this new configuration is the torque loop. Many researchers 

interested in torque control for hybrid electric vehicles [5]. The torque signal is generated by 

the load cell attached to the engine supports. The signal is conditioned then through an 

electronic circuit to be compared with a predefined value namely the reference torque. The 

result of comparison is fed to a well tuned PID controller to produce a suitable field voltage 

for the DC generator. The field voltage of the DC motor is considered to be fixed to the rated 

value. The driver has only one variable to control the vehicle with. It is the fuel pedal. As he 

pushes the pedal, engine speed increases. Generator speed is also increased the torque loop 

pushes an amount of field voltage to the generator. This amount is exactly the amount that 

produces a certain torque. Regulating the generator torque which is connected to on terminal 

of the differential leads to regulate the torque of IC-engine because all the terminal of the 

differential has constant torque relation. This model succeeds to run the engine at its rated 

torque.  
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Developed Electro-Mechanical Epicyclic Power-Drive (EMEC)  
 

The Differential configuration (DIFC) invented by Ali et al [4] has the advantage of 

mixed serial and parallel configuration. At vehicle speedup the (DIFC) acts serial from one 

side of view and parallel from another point. The mechanical power at one terminal of the 

differential unit is transformed to electrical power through the generator attached to this 

terminal; the generator passes this power to the motor. This type of power flow is a serial 

flow. On the other hand the other terminal of the differential receives the mechanical power 

from the ICE and passes it directly to the wheels. When the vehicle approaches the top-gear 

speed most of the power of the ICE flows mechanically to the wheels, while during the 

speedup period only a small mechanical power is passing directly to the wheels. The 

differential block allows for flexible mixing between mechanical and electrical power. In this 

paper a new modification is added to the configuration (DIFC). This modification implies a 

self gear shifting possibility without the need for torque loop regulation. Fig. 3 shows the new 

developed configuration (EMEC). 

 

Fig.2 [4] DIFC power-drive 
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The (EMEC) power drive consists of three major blocks: 

 

1.1 Epicyclic block: The epicyclic block is the mechanical part of the power-drive. It contain sun, 

planet and ring gears. The planet gear(s) are mounted on an arm which is attached to the rotor 

of the synchronous block, the second block in the drive. The sun gear is linked to the vehicle 

engine (ICE). It receives the power from the ICE and delivers it either to the arm or to the ring 

in a differential manner. The ring gear is attached to output shaft which transmits power for 

Synchronous 

block 

Induction    
  block 
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magnet Exciter winding   

Rotor winding   
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ICE   To wheels  

Frame 

Epicyclic       

block 

Fig.3 the EMEC power-drive 
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wheels. Sometimes, speed reducer is needed before wheels. The output shaft passes through 

the rotor of the induction block and keyed with it. The ring gear also carries the permanent 

magnets (PM) of the exciter. The ring gear assembly can be made of many parts to be 

assembled together. It also represents oil casing for all gears assembly. Seals are used when 

necessary as shown in Fig.3. The torque and speed relationship of the epicyclic block can be 

shown through Fig.4 : 

 

 

 

   
     

 
                                                                                                                                             

 

Speed relationships are [6]:  

     

     
  

  

  
                                                                                                                                        

                     

Where: speed, R is radius. 

Torque relationship: 

         

        

                    

One can write the torque relationship as: 

           
  

  
                                                                                                                             

           
     

  
                                                                                                                  

 

Fig.4 Speed and torque analysis of the epicyclic block 
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1.2 Synchronous block  

The synchronous block represents the impulsive hart of the power-drive. Permanent 

magnet synchronous machines are known as a good candidate for hybrid electric vehicles due 

to their unique merits [7]. Many researchers recommend using synchronous machines for 

HEV [8, 9, 10, and 11]. Fig.5 shows the synchronous block. It consist of rotor, which is the 

arm carrying the planet gear, and stator, which is procreator of electric power. The rotor itself 

consists of two parts exciter coil and salient pole rotor. The exciter coil cuts the magnetic field 

of the permanent magnet of the ring gear assembly. The cutting speed depends on the relative 

movement or relative speed between the ring and the arm assembly. The generated power 

rectified into DC power and passed to the salient poles of the Synchronous generator. The 

stator of the generator is attached firmly to the frame of the drive. The generated AC power 

has a frequency equal to the arm speed and a voltage proportion to the relative speed between 

the arm and the ring.  

 

 

 

 

 

 

 

 

 

 

 

The principle of operation can be explained as follows: When the vehicle is just start to move 

the ICE moves the sun gear which in turns moves the planet gear, the planet gear tries to 

move the ring gear which is attached finally to vehicle wheels. The starting torque need to be 

high at start-up, So when it is difficult to propel  the ring gear, then the planet begins to roll 

inside the ring causing the arm to spin   around its centre. The arm is attached to the 

synchronous block , so it moves exciter winding inside the magnetic flux of the permanent 

magnet of the ring gear, which is now either stationary or rotates slowly. The generated power 

is rectified with diodes before be fed to the salient poles rotor which is also attached to the 

arm assembly.  The rotating flux of the salient poles generates AC power in the stator winding 

Fig.5 the Synchronous Block 
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of the generator. According to the theory of synchronous generator [12], the generated 

frequency is equal to the speed of rotation of the rotor. On the other hand  the voltage 

amplitude depends on two factors : 1-the excitation current which in turns depends on the rate 

of cutting the magnetic flux of the permanent magnet          and :2-the rate of cutting 

the flux of the salient poles by the stator winding (      ring gear rotates at    , the arm 

rotates at    , so the generated voltage is : 

                                                                                                                                 

Where: 

    is a constant depends on magnetic properties of the synchronous block 

 

1.3 The induction block  

 

The induction block assembly is shown if Fig.6. It consists of a squirrel-cage induction 

motor attached to the ring gear. The stator of the induction motor is attached firmly to the 

frame of the drive. It receives AC power from the synchronous block. The torque generated 

from the induction motor,    , is added to the mechanical torque of the epicycli, TR to form 

the total propulsion torque directed to the wheels,   . It is gained, and then by a constant 

depends on axel gears. 

 

                                                                                                                                                       

 

 

 

Fig.6 The induction block  
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2. Electrical analyses of the new (EMEC) power drive : 

Electrical analysis of the drive assumes a two AC machines: synchronous generator and 

induction motor, connected end to end (or by using drive circuits). The generator generates 

AC power due to arm movement and flows it to the motor which is firmly attached to the ring 

gear. The simplified equivalent circuit of the two machines is shown in Fig. 7.  

 

 

 

For the generator: 

The equivalent impedance        is the vector sum of the stator resistance and reactance: 

                                                                                                                                                       

Where:           are resistance and reactance of generator stator. 

For motor block: 

                                                                                                                                              

Where                           are the equivalent resistance and reactance of motor seen 

from stator. 

The term              is constant and depends on winding and magnetizing properties. The 

term            is not constant but it can be divided into two parts [12]: continuous (    and 

load equivalent resistance (  ) which is equal to : 

    ́ (
 

 
  )                                                                                                                                               

Where  ́  is the resistance of the rotor seen from the stator; S, is the slip and given by: 

  
     

  
                                                                                                                                                   

 The synchronous speed here is    since it is the speed of the synchronous generator. 

The circuit current, I, is: 

Fig.7 Equivalent circuit of the generator- motor set   
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Where    
        

  are the equivalent resistance and reactance of the circuit seen from the 

terminals E1. 

The total circuit power delivered by the generator is given by: 

                                                                                                                                                     

Where    is the power factor of the circuit: 

        
   

   
                                                                                                                                        

If one neglect windage and frictional losses then the generator torque is: 

   
        

  
                                                                                                                                         

On the other hand, the mechanical power of the induction motor is given by [12]: 

       ́ (
   

 
)                                                                                                                      

But,               

      
 ́   

  
                                                                                                                                          

Substituting the value of the current (I) in equation (16) yields to: 

    
  

  ́   

    
     

    
                                                                                                                           

Substituting the value of     (equation 5) and s (equation10): in equation (17) gives: 
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Where the ratio  ́     is included in the new constant, C.  

If we let m to be the ratio: 

  
                     

                         
                                                                                                                  

Then  
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3. The Simulink model : 

The Simulink model of the new proposed power-drive (EMEC) is shown in Fig.8. The 

model is constructed in two subsystems:  electrical and mechanical. Connections between 

these systems are shown in Fig.8. The type of analysis is continuous and a powergui block is 

necessary for power drive system analysis. 

 

 

Fig.8 Simulink model 

 

3.1   The Electrical Subsystem 

The electrical subsystem implies the mathematical modelling of the electrical part of the 

power-drive. It contains the synchronous generator block connected directly to the induction 

motor block.  Torque and speed relation derived in sec.3 are implemented in this block. The 

inputs are speed of arm (WA) and speed of ring (WR) (the letter W used instead of the symbol 

 ).WA input  is connected to the synchronous generator and hence it determines the electrical 

synchronous speed of the system. WR input is connected to the rotor of induction motor and 

hence it represents the shaft speed of the motor. Electrical slip (s) is calculated according to 

the two inputs (WA and WR) as in equation (10) . The electrical subsystem exports two 

signals: motor torque, Tm and generator torque, TG. It contain also all the necessary 

measuring scopes and devices. 

 

3.2 The Mechanical Subsystem  

The mechanical subsystem is shown in Fig. 9. This unit contain mechanical parts of the 

power-drive, Tyre block, vehicle block, ICE block and driving cycle block. The epicyclic unit 

is connected to the ICE engine as the primary source of power in one terminal. It delivers 

power to the arm (=generator) through the second terminal and receives power through third 
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terminal, the ring (=motor). Inertia blocks are used at each terminal of the differential block.  

Motion sensor block senses the motion of a driveline axis. The block can output the motions 

angular velocity ( ), in radians/second. The Torque Actuator block actuates the connected 

driveline axis with a torque. You specify this torque as a Simulink input signal in Newton-

meters. The generator torque represents a load on the mechanical unit so it multiplied with  

(-1) while motor torque is multiplied with (+1) because it encourages movement. The two 

inputs Tm and Tg are Simulink signals, so a conversion block is needed to convert them to 

power-drive signals, the block is the torque actuator. Inertia blocks are necessary to make the 

model simulate real systems. Other blocks such as vehicle and tyre blocks are standard blocks 

in Simulink program and can be customised according to real systems. Shaft sensors are 

necessary to convert power drive signal into Simulink type. . Vehicle model used in this 

simulation assumes a mass of 1200kg. Tyre block receives mechanical signal and coverts it to 

driving forces.  

 

Fig.9 Mechanical subsystem 
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4. Tests and Results : 

Many tests were carried on the model (EMEC) to show model validity. All tests are 

performed in the environment of Matlab-simulink .The first test was to show the response to 

reference speed. Fig.10 shows the references speed, throttle and vehicle speed. In driving 

cycle block, a virtual reference speed is considered. The profile assumed to be a ramp signal. 

The throttle opening seems to response well to the reference speed demand. It is saturated at a 

value of unity (full throttle). The developed power drive show accepted response. The vehicle 

moves smoothly from stationary to the desired speed. The time needed to pick the desired 

speed depends on the initial design parameters such as engine horsepower, motor size and 

vehicle properties. 

 

Fig.10 Response to reference speed 
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The other test was to show the automatic gear shifting capability. Fig.11 shows the motor 

and generator torque verses vehicle speed (Vx). Motor poles number is 4 times that of the 

generator, this led to the electrical torque gain shown. The automatic gear shifting is clear 

from the descending value of the torque against the vehicle speed which is exactly the 

situation in automatic transmition. This tests show the (CVT) capability of the   EMEC power 

drive. For a vehicle speed of 9 m/s for example, the value of Tm is about 700 N.m while the 

value of TG is 220 N.m. The ratio is about 3.2. When the vehicle speed increased it is no 

further need for high torques and one can see that the values of Tm and TG begin to decrease. 

It is the desired behavior in real Vehicles, where high torqueses are needed for speedup and 

less torques are needed for steady high- speeds. At a speed of 24 m/s the values of Tm and TG 

are 300 and 75 Nm respectively. The ratio is about 4 which is the pole ratio (m). It is clear 

also from the figure that although the torques Tm and TG are decrease with vehicle speedup, 

the ratio Tm/TG is seemed to be fixed.   

  

Fig.11 Automatic gear shifting test 

 

The second test was to show the in/out efficiency of the power-drive. Fig.12 shows the 

drive efficiency against vehicle speed. The efficiency is inversely related to copper losses of 

the electrical machines. At start up, where low rotating speeds and hence low terminal voltage 

the losses are small and hence the efficiency appears to be near 100%, as the vehicle grew 

faster, the electrical machines are also faster and hence high terminal voltage and high power 

losses. When the vehicle about to pick its top-gear speed , the need for electrical torque 

became less and hence less electrical power is needed , this means that the power drive 

behave electro-mechanic at low speeds and became approximately 100% mechanically at near 
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top-gear speed. This is the major advantage of the EMEC power drive. The estimated 

efficiency represents the power drive efficiency. It is calculated by dividing the motion power 

(force x speed) by the total mechanical and electrical powers.  

 

Fig.12 Power-drive efficiency against vehicle speed 

 

The automatic mixing behaviour of the proposed power drive between mechanical and 

electrical behaviour has a major role in governing power losses in conductor's resistance. The 

electrical behaviour is activated at low speeds and high torques and it is eliminated at high 

speeds.  

Fig.13 shows the effect of selecting a certain pole ratio (m), equation (20), on torque gain 

(Tm/TG). The result is expected according to equation (21). This can also eliminate the use of 

post gear reducer to adjust the propulsion torque. It is important to note that the selection of m 

can be carried on the phase of design. High values are suggested for heavy vehicles and light 

values can be used for light vehicles. Now days, some electric machine can shade some poles 

and hence variable pole numbers can be assumed. This can add extra flexibility for speed 

ratios during operation as well as during initial design.   

 

Fig.13 Electrical torque gain (Tm/TG) verses pole ratio (m) 
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5. Conclusions  

The developed  model (EMEC) proved to drive the vehicle according the driving cycle 

demand, It gives high electrical torque at start up and reduces that torque when vehicle begin 

to pick its speed. The Generator-motor set is connected directly and hence no complicated 

control circuits are needed. This also allows for simple control strategies for Hybrid electric 

vehicle which is the main goal of this paper.  

The EMEC power-drive behaves electro-mechanically at low speeds, where high torques is 

needed by electrical torque gain between generator and motor. At speeds near the Top-Gear 

speed it behaves approximately 100% mechanically; this will eliminate the electrical losses. 

This behaviour gave the model advantages over the serial hybrid configuration where the 

electrical losses still acts even near high vehicle speeds.  

Properly selecting the motor/generator pole ratio results in more flexibility in power-drive 

design. It allows for properly selecting electrical torque-gain.  

 

6. Recommendations 

Adding driving circuits (inverters) between Generator and motor could affect the torque 

ratio of the two machines and allow for battery power to be delivered to the motor. The 

regeneration process could be tested and validated in the future works. 
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8- Nomenclature   

   

Symbol Description Symbol Description (m) 

α,β Constants RG Generator resistance (Ohm) 

AC Alternative current RM Motor resistance (Ohm) 

CVT Continuously varying transmition RR Ring radius (m) 

DC Direct current RS Sun radius (m) 

DIFC Differential configuration S Slip 

E1 Endued voltage (V) TA Arm torque (N.m) 

EMEC 
Electro-mechanical epicyclic 

configuration 
TR Ring torque (N.m) 

F Force (N) TS Sun torque (N.m) 

HEV Hybrid electric vehicle Tw Wheel torque (N.m) 

IC Internal combustion WA ,    Arm speed (rad/sec) 

ICE Internal combustion engine WR,    Ring speed (rad/sec) 

J Imaginary component Ws,    Sun speed (rad/sec) 

Pg Generator power Xeq Equivalent reactance (Ohm) 

PID Proportional-integral-derivative XG Generator reactance (Ohm) 

PM Permanent magnet XM Motor reactance (Ohm) 

Pm Motor power       Equivalent impedance/motor 

RA Arm radius (m)       Equivalent impedance/generator 

Req Equivalent resistance (Ohm)   

 

 

 

 

 

 

 

 

 

 

 

 


