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This master’s thesis mainly focuses on the design requirements of an Electric drive 
 for Hybrid car application and its control strategy to achieve a wide speed range. It also 
 emphasises how the control and performance requirements are transformed into its design 
 variables. A parallel hybrid topology is considered where an IC engine and an electric drive 
 share a common crank shaft. A permanent magnet synchronous machine (PMSM) is used as 
 an electric drive machine. Performance requirements are converted into Machine design 
 variables using the vector model of PMSM. Main dimensions of the machine are arrived 
 using analytical approach and Finite Element Analysis (FEA) is used to verify the design and 
 performance. 


Vector control algorithm was used to control the machine. The control algorithm was 
tested in a low power PMSM using an embedded controller. A prototype of 10 kW PMSM 
was built according to the design values. The prototype was tested in the laboratory using a 
high power converter. Tests were carried out to verify different operating modes. The results 
were in agreement with the calculations.  
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 Symbols and abbreviations 


AC   Alternating  Current 
 B   flux density 
 Bδ    airgap flux density 
 cosφ powerfactor 
 DC   Direct  Current 
 Ds   stator diameter 


Epm   induced emf due to permanent magnet 
 Es   stator induced emf 


EV   Electric Vehicle 


f   frequency 


HEV  Hybrid Electric Vehicle 
 ICE  Internal Combustion Engine 
 Is   stator current 


Isc   short circuit current 
 l   stator length 


Ld   direct axis inductance 
 Lq   quadrature axis inductance 


n   speed 


NdFeB  Neodymium Iron Boron 
 p   pole pair 


P   Power 


p.u   per unit 


Pm   mechanical power 


PMSM  Permanent Magnet Synchronous Machine 
 q    slots per pole and phase 


rpm revolution per minute 
 Rs   phase resistance 


T   Torque 


U   voltage 


Udc  DC bus voltage 
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 Uph   phase  voltage 


Xd   direct axis reactance 
 γ   current angle 
 δ   load angle 
 η   efficiency 


θ    rotor position angle 


ψpm   flux linkage due to permanent magnet 
 ψs    stator flux linkage 


ω    electrical angular speed 
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1. Hybrid Electric Vehicle 


1.1 Introduction 


Some of the major challenges currently faced in the automotive industry are to 
 reduce the dependency on fossil fuels, reduce the green house gases emitted per km of 
 travel. In order to address these issues major auto manufacturers are shifting towards 
 new technologies such as Electric vehicles and Hybrid electric vehicles. 


1.2 Electric Vehicle 


An electric vehicle (EV) can be described as one which uses only electrical 
 energy for its propulsion. The electrical energy from the grid is stored in batteries. 


Electric drives convert this electrical energy into mechanical motion. There are few 
 limitations in this type of vehicles. 


These types of vehicles are suitable only for travelling short distances. The 
 electrical energy should be stored in the batteries and these batteries have low energy 
 density when compared with conventional fuels like gasoline or diesel. In order to have 
 a longer travelling range the size of the batteries becomes quite large.  


In these types of vehicles the energy source is shifted from petroleum to grid 
 energy. Though it might initially sound as a zero emission vehicle, in reality the 
 situation is quite different. The emissions are just transferred from one end to the other. 


To get the real picture one should look at the source of electricity generation. In 
 developing countries more than half of the power is generated by burning coal. In 
 Germany, more than 40 % of the power generated is from coal [1]. For the same amount 
 of energy produced coal emits more carbon dioxide than gasoline. Unless the power is 
 generated from clean sources, these type of vehicles will not reduce emissions 
 significantly. Of course modern thermal power plants have significantly higher 
 electricity production efficiencies than an internal combustion engine in a typical 
 automotive load cycle helping in making the EVs more efficient. 


1.3 Hybrid Electric Vehicle 


Hybrid Electric Vehicle (HEV) can be described as one which uses both Internal 
Combustion Engine (ICE) and an Electric drive for propulsion, on one side it enjoys the 
benefits of high energy density fuel and on the other side reduction in emissions due to 
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use of electric motors. The electric drive assists the ICE during acceleration and at low 
 speeds there by, improving the overall efficiency of the system. The potential energy 
 losses during braking are recovered by regenerative braking technique. The real benefit 
 in Hybrid electric vehicle is achieved by reducing the inefficiencies during energy 
 conversion in conventional ICE with the help of electric drive. There is a significant 
 increase in fuel efficiency of Hybrid electric vehicles compared to its peer conventional 
 vehicles [2]. 


1.4 Level of Hybridisation 


There are two principal types of hybrid vehicle systems – parallel and series 
 hybrids. In the parallel hybrid system there is a mechanical connection between the ICE 
 and the wheels while in a series hybrid system there is only an electric propulsion 
 system. Depending on the hybridization actions performed, the hybridisation level can 
 also be called, in case of a series hybrid system a Full hybrid or, in case of a parallel 
 hybrid system, a mild hybrid or even a micro hybrid depending on the abilities of the 
 electric drive system. 


In case of a parallel hybrid system apart from the normal starter and generator 
 function the electrical drive should provide the following features in order to qualify for 
 a hybrid drive: 


●  provide assistance during acceleration (Torque boost) 


●  recover energy during braking (regenerative braking).  


●  auto stop-start of the engine during idling condition 


In the above parallel hybrid scenario, the electric drive acts as an assistance to the ICE 
 during its operation. Electric drive cannot drive the vehicle on its own. Hence, these 
 types of hybrids are also called mild hybrids. 


In addition to the above features, if a vehicle is able to operate solely on electric 
 drive at low speeds where ICE is less efficient, it can be called a Full hybrid. Full 
 hybrids act as an Electric Vehicle at low speeds running only on electrical energy at the 
 same time it also has ICE to address the needs during high speeds and travelling long 
 distances. Such a hybrid is, therefore a mixture of series and parallel hybrid systems. 


Series and parallel hybrid system will be studied in more details in the following. 
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Electric drives which can satisfy these requirements can be used in hybrid electric 
 vehicles. Some of the Machine types which could be used are Induction machine, 
 Switched Reluctance Machine and Permanent Magnet Synchronous Machine (PMSM). 


Though all three types of machines can meet the requirements of traction drives, PMSM 
 has an upper hand when compared to its other peers due to the torque density and 
 efficiency [3].   


1.9 Outline of Thesis 


This thesis is about the electric drive and its control in a hybrid electric vehicle. 


It focuses on arriving at design requirements of electric drive from the performance 
requirements of the vehicle. The electric drive is a Permanent magnet synchronous 
machine (PMSM). Vector control algorithm is used to control the electric drive. The 
control algorithm is implemented in a small prototype PMSM using an embedded 
controller. The type of hybrid configuration considered is parallel hybrid where ICE and 
Electric drive are coupled mechanically. The first part discusses about arriving at design 
parameters of PMSM to meet the performance and control requirements, especially a 
wide speed range of operation. Later part discusses about the control algorithm used to 
achieve the required performance and its implementation using embedded controller in 
a small prototype machine. The last part of the thesis includes the test results of a 10 kW 
PMSM at different operating conditions including flux weakening mode. 
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2. Design requirements of PMSM


2.1 Introduction


In this chapter, the methodology adopted in arriving at the design parameters of 
 the electric machine (PMSM) is focused. The power and performance requirements of 
 the electric drive are arrived from the overall vehicle requirements and the size of ICE. 


These performance requirements are then transformed into the design parameters of the 
 machine using its vector model. The electric machine should be able to operate over a 
 wide speed range without any difficulties.


2.2 Brief overview of the vehicle and its configuration


Parallel hybrid configuration is considered for this application. ICE and electric 
 machine both are involved in propelling the vehicle. Rotor of electric machine is 
 coupled to the crankshaft of ICE.


The configuration of the ICE is as given below.


peak power   30 kW @ 5000 rpm
 peak torque   59 Nm @ 2500 rpm


displacement  0.8 litre, 3 cylinders in line
 System DC bus voltage is 120 volts. 


2.3 Power requirement of Electric machine:


The Electric machine is rated for 10 kW. This makes the power distribution 
 between ICE and electric machine at 3:1. The base speed of the Electric machine is 
 chosen in such a way that it can operate in all its speed range. In this case the speed of 
 the electric machine and ICE are the same and it implies that the electric machine 
 should be able to operate up to a maximum speed of 5000 rpm. Considering these 
 requirements a base speed of 1500 rpm is chosen for the electric machine. The machine 
 should be able to operate up to 3.5 times its base speed, which could be possible through 
 flux weakening process. The electric machine should be designed so that flux 
 weakening is possible to the extent of at least 3.5 times the base speed. In order to 
 produce 10 kW of power at 1500 rpm the machine should produce a torque of 64 Nm. 


The electric machine should produce a constant torque of 64 Nm at speeds below the 
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base speed. Above the base speed, the electric machine should produce constant power 
 of 10 kW.


Apart from these requirements the electric machine should also act as a starter to 
 ICE. The starting torque requirement for the ICE is 120 Nm peak. Hence the electric 
 machine should be able to generate this amount of torque for a brief moment of time to 
 start the ICE. This gives the peak torque requirement of the machine.


With all these requirements the ideal characteristics of the electric drive can be 
 represented as follows. The assumption is, below rated speed, U/f is constant and 
 applied voltage at the terminals increases as the speed increases. Since there is the 
 limitation in available voltage beyond DC bus value, above rated speed U is maintained 
 constant and higher speeds are achieved by decreasing the flux linkage (ψs)


Figure 2.1 
 2.4 Design parameters of electric machine:


In this section, the design parameters of the electric machine are got from its 
 target performance requirements and boundary conditions.


The machine’s operating region can be broadly divided into three regions.


i.      at base speed (1500 rpm)
 ii.       at high speed (4500 rpm)


iii.      at low speed (starting region, approx. 150 rpm)
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The electric machine should operate in all these regions meeting its requirements. 


Vector computations are performed for different values of Inductance (Ld and Lq) and ΨP


(Appendix). Suitable values of Inductances are identified by iterative approach so that 
 all the operating conditions are satisfied. The vector diagrams of the PMSM at different 
 operating regions are represented below in Figures. 2.2 – 2.5.


at base speed (ω = 1 p.u) 
 machine parameters are
 ΨPM = 0.7 p.u


Ld =  0.55 p.u
 Lq = 0.95 p.u


Figure 2.2 
 observations:  


|Ψs| = 1; |Us|=1; |Is|=1; cosφ = 0.82; δ = 62˚; γ = 115˚ 
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 at high speed (ω = 3 p.u)


Figure 2.3 
 The machine is operating in field weakening region.


At ω =3 p.u. stator flux linkage Ψs should be reduced to 0.33 p.u. so that the voltage U 
 remains at 1 p.u. This is achieved by applying current along negative d axis.


observations:  


|Ψs| = 0.33; |Us|=1; |Is|=1; cosφ = 0.88; δ = 46˚; γ = 164˚ 
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 at low speed (ω = 0.1 p.u)


Figure 2.4 
 observations: 


|Ψs| = 1.0; |Us|=0.14; |Is|=2; cosφ = 0.85; δ = 73˚; γ = 120˚ 


At low speed i.e. during starting of ICE, the torque requirement is 2 p.u. Hence 
the magnitude of current is increased to achieve this. Inductance is not linear with 
respect to current due to saturation effects. Hence, new inductance values are computed 
at this magnitude of current and used for calculations.  
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 at base speed in Generator mode (ω=1 p.u.) 


Figure 2.5 
 observations:  


|Ψs| = 1; |Es|=1; |Is|=1; cosφ = 0.80; δ = 62˚; γ = 65˚ 


From the above vector calculations and illustrations, It is observed that the machine 
 with its parameters of Ld = 0.55 p.u , Lq = 0.95p.u. and ψPM = 0.7 p.u. will satisfy all the 
 operating requirements. 


Torque equation:


Based on the above inductance requirements machine parameters were designed 
 using analytical equations.  


Torque developed by a PM machine is given as


pPM      ….……..(2.1) 
 In case of Reluctance Torque assisted Permanent Magnet Machine the torque equation 
 is given as


PM       ……….(2.2) 


The difference between Ld and Lq will create reluctance torque. During motor operation 
Id is negative and the reluctance torque will assist the PM torque, Ψs is more than ΨPM.      



(20)2


S
 s
 p
 m
 a
 s
 p
 r


v
 F
 f
 a


2.5 Machine
 Desi


Hybr
 Such a desir
 small end w
 per pole and
 machine. At
 accordingly.


square of th
 pair number
 reluctance to
 Diffe
 values [4] a
 Figure 2.6(f
 feasibility  a
 application. 


       (a)


e Design: 


gn requirem


rid and trac
 re will resu
 windings can 


d phase q =
 t higher pow


 However, 
 he pole pair n


r increases.


orque perform
 erent rotor c
 as shown in 
 f) and lowe
 and robustne


)       
 Figu


ments of the m


Para
 Pow
 Volta


Spe
 Outer Stator
 Stator 
 ction machin
 lt in a large
 be obtained


= 2 (i.e. 48 
 wers and lo
 as the magn
 number the 
  Therefore, 
 mance is ma
 configuratio


Figure 2.6. 


est in Figure
 ess, Figure 


(b)      
 ure 2.6 Diffe


20
 machine is ta


Table 2.


ameter 
 wer P 
 age Uph


eed n 
 r Diameter D


length, l 
 nes must us
 e pole numb
 d. Eight-pole
 slots) can b
 ower speeds 


netizing indu
 inductance 


a comprom
 ade. 


ns were stu
 The highes
 e 2.6(a). Ho


2.6(e) with 


    (c)       
 erent machin


abulated as f
 1


Valu
 10 k


49 
 1500 
 Ds 250 m


40 m
 ually have 
 ber because 
 e configurati
 be used as a
 the number
 uctance is in


difference g
 mise betwee


udied to obt
 st saliency ra


owever, con
 saliency ra


      (d)    
 ne geometrie


follows 


ue 
 kW 


V 
 rpm 
 mm 
 mm 


as low volu
 as a result 
 ion with the
 a starting po
 r of poles c
 nversely pro
 gets towards 
 en the dim


tain  the requ
 atio (Lq/Ld) 
 nsidering th
 atio of 2 is 


      (e) 
 s studied 


ume as poss
 small yokes
 e number of 
 oint for a 10
 can be incre
 oportional to
 zero as the 
 ensions and


uired induct
 was achieve
 e manufactu
 chosen for


      
 sible. 


s and 
 slots 
 0 kW 
 eased 


o the 
 pole 
 d the 


tance 
 ed in 
 uring 
 r this 


(f)      



(21)21 
 2.6 Finite Element Analysis  


No load analysis 


The objective of the No load analysis is to check the flux densities at different 
 regions and calculate the open circuit voltage at base speed. Figure 2.7 (a) shows the 
 flux density plot at no load condition. Figure 2.7(b) shows the airgap flux density over 
 one pole pair (Bδ) and its fundamental component (B1δ). The peak value of fundamental 
 component of airgap flux density is 1.1 T.  Figure 2.7(c) indicates the induced emf (EPM) 
 and its fundamental component (E1PM) at base speed. The fundamental peak value of the 
 induced phase voltage is 55.2 V and the corresponding RMS value is 38.7 V which is 79 


% of the rated voltage and therefore EPM = 0.79 p.u. 


(a) 


(b)     (c) 


Figure 2.7 
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 Load analysis 


Load analysis is carried out at three imposed speed 750 rpm, 1500 rpm, and 
 4500 rpm. In these analyses the machine is connected to the voltage source. At 1500 
 rpm and 4500 rpm the machine is supplied by the nominal voltage with the nominal 
 frequency, and at 750 rpm the voltage and frequency are halves of their nominal values. 


The stator current and torque values are observed at the end of analysis. The motor 
 torque as a function of time and stator current as a function of time are shown in Figure 
 2.8 (a) and (b) respectively. The values of torque and current are same for speed 750 
 rpm and 1500 rpm.  


(a)      (b) 
 Figure2.8 


The motor torque and stator currents as a function of time at high speed, i.e. 


4500 rpm are represented in Figure 2.9. At high speed operation the PMSM should 
 produce a torque of at least 21 Nm. 


(a)      (b) 
 Figure 2.9 
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 Short circuit analysis 


The short-circuit analysis is carried out to determine the d-axis synchronous 
 inductance. The machine is run at nominal speed and open circuit voltage (EPM) is 
 observed. After a brief time, the windings are short circuited and sustained short-circuit 
 current (Isc) is observed. Figure 2.10 represents the short circuit current as a function of 
 time. 


Figure 2.10 
 Direct axis reactance is given as  


PM      ………..(2.3) 
 The results of the short-circuit analysis and the calculated direct-axis synchronous 
 inductance are given in Table 2.2 


Table 2.2 


Parameter Value p.u. 


Induced phase voltage (EPM) 38.7 V 0.79 


Short circuit current (Isc) 165.5 A 1.78 
 Direct axis synchronous Inductance (Ld) 0.37 mH  0.44 
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 2.7 Summary 


Design parameters of the machine were arrived from the functional requirements 
using vector calculations. Then the machine was designed using analytical approach and 
then the design was verified using Finite element analysis. It was ensured that the 
machine meets all the operating requirements.
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3. Control of PMSM 


3.1 Introduction 


In this chapter, different control schemes available for PMSM are discussed 
 briefly. Previously, id = 0 control was adopted to avoid demagnetisation of permanent 
 magnets and ensure the stability of polarisation. In principle, Vector control is required 
 for controlling the PMSM. Since NdFeB magnets have high coercively, it encourages us 
 to allow demagnetising current. However, one should be aware that the back emf caused 
 by the permanent magnets is directly proportional to the rotation speed of the machine. 


If the demagnetising current is lost for any reason, the inverter module should withstand 
 this voltage. In case of battery the freewheeling diodes will conduct and keep the 
 voltage acceptable, the problem can however be a high current. It is not advisable to 
 apply some general control method as such for all permanent magnet machines. The 
 control method has to be selected individually according to the configuration of the 
 machine. Most of the control methods are based on the PMSM model in rotor reference 
 frame. Hence information on rotor position is needed for these methods and this 
 information is acquired by using a rotor position sensor. However, modern sensorless 
 algorithms estimate the rotor position from phase current and other available machine 
 parameters. 


In this project, Vector control method is adopted to suit the wide speed operating 
 range. Rotor position is estimated using sliding mode current observer technique. 


Higher speeds are achieved by flux weakening approach. Generator mode of operation 
is also discussed. The algorithm is tested using a low power prototype embedded 
hardware and a low power motor.
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 3.2 Control schemes 


id = 0 control 


If the rotor of the PMSM has surface mounted magnets, there is no significant 
 variation in the inductance of the machine with respect to rotor position. Direct and 
 quadrature axis inductances are the same (i.e Ld ≈ Lq). Maximum torque per ampere 
 stator current is achieved when id = 0. As the direct axis current does not influence the 
 torque production, the torque equation can be simplified to the form 


PM      (3.1) 
 As long as the rotor position information is available, this method is easy to 
 implement. Torque is directly proportional to stator current and torque control is 
 implemented in a similar fashion as DC machine. 


This type of control is adopted for machines whose inductances are low and the 
 armature reaction is insignificant. Field weakening is not possible in this method as d-
 axis current is not given negative reference. It also helps to prevent the demagnetisation 
 of permanent magnets. 


Minimum stator current control 


When the direct and quadratue axis inductances of the machine are different (eg. 


Interior permanent magnet machines), the reluctance torque becomes significant. The 
 torque equation in steady state has two components PM torque and reluctance torque 
 and it can be written as 


p PM      (3.2) 
 Since in PM machines  > , for a constant torque, minimum stator current 
 is achieved when  0 . The reference values   and   which results in a 
 minimum stator current for a particular torque are obtained by theoretical computations 
 [7]. 


Few other control schemes are like unity power factor control [5] where the 
voltage vector is controlled to keep the power factor unity, Loss minimisation control 
[8] where the machine losses are minimised by using a loss model. 
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 3.3 Vector control of PMSM 


Vector control of PMSM sometimes referred to as Field Oriented Control is 
 illustrated as follows. 


3.1 Block diagram of Vector Control of PMSM [11] 


The above block diagram represents the Vector control of a three phase Permanent 
 Magnet Synchronous Machine. It can be summarised as follows 


Two Stator phase currents are measured and the third phase current is calculated 
 from the relation ia + ib + ic = 0. These currents are converted from three axis system in 
 stationary reference frame into a two axis system in the same reference frame (x-y). The 
 currents represented in two axis stator reference frame (x-y) are rotated to align with the 
 rotor flux using a transformation angle obtained by estimating the position of rotor. 


Now the currents are represented in the rotor reference frame (d-q). 


These currents are compared with its reference values obtained from the speed 
reference or torque reference. The error signals are input to the PI controllers. The 
output of the controller provides quadrature components of voltage vector in rotor 
reference frame (d-q). It is rotated back to stationary reference frame (x-y) using the 
same transformation angle.  The voltage vector represented in two axis stationary 
reference frame is converted back to three axis system in the same reference plane. The 
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required voltage vector is generated using Space vector pulse width modulation 
 technique by applying suitable duty cycle in each arm of the three phase bridge.  


This method simplifies the control by transforming three phase time dependent 
 system into two coordinate time invariant system. It results in a control scheme similar 
 to that of a DC machine control. It needs two constants as input references torque 
 component and flux component. 


Current measurement: 


Knowledge of three phase currents is a fundamental requirement for vector 
 control. It can be achieved by measuring two phase currents and calculating the third 
 phase current from the relation ia + ib + ic = 0. Another approach is by measuring the DC 
 bus current and with the knowledge of the switch positions the instantaneous phase 
 currents are calculated [9]. 


 Coordinate transformation: 


ia, ib, ic ix, iy


Figure 3.2 


The three phase stator currents are transformed to two axis system (x-y) in the same 
 reference frame. The transformation equation is given as follows 


cos cos  120° cos  240°


sin sin  120° sin  240°


1 2 1


2 1


2


      (3.3) 
 Where κ is the angle between a axis and x axis. Usually the angle κ is set to zero and the 
 zero components of the phase current are neglected. Under these conditions the above 
 equation becomes 


      (3.4) 
 2 ⁄√3       (3.5) 


3/2 axis 
transformation 
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Now the stator current is represented in a two axis orthogonal system (x-y reference 
 frame). It is then transformed into another two axis system which is rotating along with 
 the rotor flux (d-q reference frame). This transformation is represented in Figure 3.3 


ix,iy,ωt  id,iq


Figure 3.3 


By representing the space vector in polar complex notation, the transformation of the 
 stator current vector (  from stationary x-y frame to rotating d-q frame (  is obtained 
 easily by rotating the vector by an angle ωt in the required direction, where ωt 
 represents the position of the rotor flux with respect to stator reference frame. 


       (3.6) 
 j  j       (3.7) 
   cos sin       (3.8) 
 sin cos      (3.9) 


PI control & control dependencies 


The PI loops are used to control the variables Torque and Flux independently. 


The measured or computed values are compared with the reference values to generate 
 error signals. The proportional (P) term of the controller is formed by multiplying the 
 error signal with the proportional gain Kp. The effect of P term is to reduce the overall 
 error. In most cases the error approaches close to zero but does not converge, it results 
 in a small steady state error. The integral (I) term of the controller calculates continuous 
 summation of the error. Therefore a small steady state error accumulates to a large error 
 value over a period of time. This accumulated error is multiplied with a gain Ki to 


xy to dq 
transformation 
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generate I term of the controller. The integral term is used to eliminate small steady 
 state errors. 


Figure 3.1 has three PI loops. The outer loop is responsible for controlling the 
 motor velocity. It compares the reference velocity with the estimated motor velocity and 
 generate error signal. The output of the velocity PI loop is given as Iq reference (torque 
 ref). The computed Iq value is compared with the reference Iq value from the velocity 
 loop to generate error signal. Reference value for flux is given indirectly as Idref and the 
 computed Id values is compared with this reference Id value to generate error signal. The 
 output of Torque and Flux loops produce direct and quadrature components of voltage 
 vector (Ud and Uq). 


Coordinate transformation 


After the PI iteration we have two voltage components in rotating d-q reference 
 frame. It is first converted back to stationary two axis reference frame (x-y) and then to 
 stationary three axis frame (a, b, c). These transformations are inverse to the 
 transformations discussed in equations 3.3 to 3.9. The transformation equations for 
 voltage vector from rotating d-q frame (  to stationary x-y frame (  are obtained by 
 rotating the voltage vector by an angle ωt in the required direction. 


      (3.10) 
j  j      (3.11) 
cos sin       (3.12) 
sin cos       (3.13) 
The components of voltage vector in rotating reference frame (d-q) and in stationary 
reference frame (x-y) and its transformation are illustrated in Figure 3.4. 
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id, iq, ωt  ix, iy


Figure 3.4 


The voltage vector components in x-y reference frame is transformed to three phase 
 quantities using the equation 3.14 where κ is the angle between a axis and x axis. 


cos sin  1


cos  120° sin  120° 1


cos  240° sin  240° 1       (3.14) 


Space vector modulation 


The desired voltage vector is generated in the inverter using Space Vector PWM 
 technique. This method of generating voltage vector reduces the harmonic contents 
 compared to conventional sine triangle PWM. The reference voltage vector to be 
 generated is given from previously computed Ux and Uy values as follows 


j       (3.15) 
 In a three phase inverter, each of the three output terminals is connected to any one of 
 the bus positive or negative. There are a total of 2  = 8 combinations possible. Out of 
 these two are null vectors when all the three phases are connected to either positive bus 
 or negative bus. The remaining six combinations are represented as six vectors with 60˚ 


phase shift. 


dq to xy 
transformation 



(32)32 
 Figure 3.5 


The process of SVPWM allows any vector to be represented by sum of two 
 adjacent vectors from the six combinations possible. In Figure.3.6 the desired voltage 
 reference vector Uref is represented by the vectors U1 and U2. If the output is U1 for a 
 period of T1/T and U2 for a period of T2/T, then the average for the period T is Uref


where T is the PWM period. T0 is the time for which null vector is applied. 


   


Figure 3.6 


The duration T1 and T2 are obtained by modifying the equation (3.14) with a 
 suitable κ for each sector. For example, In case of Uref lying in the first sector, κ = 30˚  


results in a reference axis system in which the c axis is exactly opposite to the sector 
and a and b axes bound the sector symmetrically, hence the components along the two 
bounding axis (a and b) can be used to calculate the values T1 and T2.  
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In Equation 3.14 when κ = 30˚ the components Ua and Ub becomes 


√3
 2


1
 2


Figure 3.7 shows that vector U1  ( + +) is output for the time T1/T and U2  ( +) is 
 output for time T2/T during the remaining time T0/T null vectors U0 (+ + +) or U7 (  ) 
 are output. 


Figure 3.7[11] 


3.4 Sensorless operation 


For converting the current components from stator reference frame to rotor 
 coordinates and for getting back the voltage components in stator reference frame from 
 rotor coordinates, knowledge of rotor position is an absolute necessary. It can be 
 achieved by using a rotor position sensor such as encoder. However, rotor position 
 information can also be estimated by using the machine model and its parameters such 
 as Resistance, Inductance and voltage constant. Current observer technique is used for 
 estimating the rotor position. It is based on estimating the motor current from its 
 parameters and applied voltage and comparing it with the measured current value. The 
 correction factor is adjusted to minimise the error. 


The following equation represents the machine equation, 
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PM      (3.16) 
 where 


Input voltage per phase 
 Input current per phase 


PM  Induced voltage due to permanent magnet (back emf) 
 Resistance per phase 


 Inductance per phase 


Solving the above equation for motor current,  


PM      (3.17) 
  In Digital domain, 


PM      (3.18) 


1 1 PM      (3.19) 


where T is the control period. From the above equation it is evident that motor current 
 can be estimated from the motor parameters, applied voltage and  .  


Current observer: 


Equation 3.19 can be written as, 


1 1       (3.20) 


where z is the correction factor for induced emf ( PM). 


The current value obtained with this equation is compared with the actual 
 measured current and depending on the sign of the error, a gain +K or –K is added to the 
 correction factor. This process is repeated until the error between estimated current and 
 measured current is zero. When the error is zero, the correction factor z represents the 
 induced voltage ( PM). High frequency components are filtered from the correction 
 factor z to get the induced voltage ( PM). The cutoff frequency of the filter depends on 
 the gain K. The process is repeated for both Ix and Iy to get x and y components of  PM. 
 Rotor position θ is given as 


tan      (3.20) 
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The accuracy of the θ can be improved by adding some compensation. This is obtained 
 by computing speed from the θ information and obtaining an offset value θoffset. 


Figure 3.8 


Since the above sensorless algorithm is based on the induced emf estimation, it 
 needs some minimum speed for induced emf to be present. Hence for starting the 
 machine from standstill an open loop approach to generate a sinusoidal voltage is used. 


Other blocks of the vector control continue to be executed and the algorithm controls Id


and Iq. The only difference from the closed loop algorithm is that the angle θ is 
 generated by an open loop approach. When the machine reaches a minimum speed, θ 
 from the position estimation is used for the control.  


3.5 Flux weakening mode 


In order to run the machine at speed higher than the rated speed, output voltage 
 of the inverter should be higher than the rated voltage. But there is a limitation that 
 space vector PWM could generate. It can produce a peak value of Uph upto 0.577 Udc


for a sinusoidal output. Voltage higher than 0.577Udc cannot be generated. Hence to run 
 the machine at higher speed with the same voltage, flux of the machine should be 
 reduced. This could be achieved using vector control by controlling the direct axis 
 current Id. Since direct axis current Id is coaxial to the flux vector, it produces a flux 
 linkage equal to LdId in a same direction as the Permanent magnet flux linkage ψPM. The 
 net resultant flux linkage along the direct axis becomes   PM  . 


For example, to run the machine at thrice the rated speed (ω), 3 p.u., the flux 
 linkage (ψs) should be reduced by 0.33 p.u., then the voltage will be (ψsω) = 0.330.3 


= 1 p.u. Depending on the speed reference, Id reference is calculated and given as an 
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input to the vector control block. Typically the Id reference would be less than zero for 
 speed higher than rated speed and kept at zero for speed less than rated speed.  


However, while operating in Flux weakening mode the risk of losing the control 
 should be considered. When control is lost, as a result the Id current ceases to be 
 negative value. This can result in a huge emf induced. The DC link capacitors of the 
 inverter should withstand such a voltage momentarily until the speed of the motor 
 reduces to nominal value. 


3.6 Testing of control algorithm: 


The above sensorless vector control algorithm is tested with a low power PMSM 
 and controller. Two phase currents are measured and used as input to the control and 
 current observer. The name plate details of the motor are given in Table 3.1. The 
 Hardware is shown in Figure 3.9. The machine was tested at its rated point using the 
 sensorless vector control algorithm. 


Table 3.1 


Parameter Value 


Udc 13.5 V 


Rated Voltage Uph 5.5 V 


Rated Current  22 A 


Rated Speed  2700 


Rated Torque  0.8 Nm 


Figure 3.9 
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At speed lower than the rated speed, Id = 0 control is followed. Higher speed is 
 achieved by flux weakening approach. Figure 3.10 shows the waveform recorded during 
 testing, it consists of DC bus voltage, line current and line voltage of the motor at rated 
 load torque. 


Figure 3.10 


3.7 Summary 


Different control schemes available for PMSM were discussed briefly and 
Vector control of PMSM was explained in detail. Sensorless operation using current 
observer technique was explained. The control algorithm was verified using a 12V low 
power motor and its hardware.  
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4. Prototype Machine and Test Results 


4.1 Introduction 


This chapter focuses on the testing of a 10 kW PMSM prototype. Design details 
 of the prototype machine are discussed initially. The prototype is tested in the 
 laboratory. The test setup and testing procedure is also discussed briefly. The machine is 
 tested both as motor and generator at different speed and load to confirm that it meets 
 all the requirements of a Hybrid vehicle. It is also verified that the machine can operate 
 on a wide speed range (up to 3 p.u). 


4.2 Rotor 


Dimensional details of Rotor of the machine are indicated in Figure 4.1(a). The 
 rotor is made with 0.5mm thickness steel sheet of (M350-50A). It is cut into the desired 
 shape using wire cut process (electrical discharge machining). The individual 
 laminations are arranged and welded to form a stack.  Two rectangular NdFeB Magnets 
 are inserted in the slots provided with right polarization as indicated in Figure 4.1(a). 


Two end plates are fixed on both the ends of the lamination stack to prevent the axial 
 movement of magnets due to vibration and other cause. Shaft is inserted into the rotor 
 stack. Finally, outer diameter of the rotor assembly is machined to achieve the required 
 dimension within tolerance.  


(a) 
 Figure 4.1 



Parameter Value 


W1 6.90 
W2 7.2mm 
B1 1.0mm 
B2 7.3mm 
B3 22.8mm 
A1 120˚ 



(39)39 
 (b) 


Figure. 4.1 Test motor rotor dimensions and material data 
 4.3 Stator 


Dimensional details of the Stator are indicated in Figure 4.2 (a). Just like the 
 rotor, the stator is also made with 0.5mm thick steel sheet (M350-50A). It is also cut 
 into the required shape by wire cut process. The individual laminations are arranged and 
 welded to form stator core. The final Stator core is shown in Figure 4.2(b). 


(a) 
 Figure 4.2 



Parameter Value 


Rotor outer dia  155mm 


Shaft dia  45mm 


Lamination thickness  0.5mm 
 Magnet width  23mm 
 Magnet length  40mm 
 Magnet height  7mm 


Magnet Br 1.08T 


Magnet Hc 826kA/m 



Parameter Value 


Stator outer dia  252mm 
 Stator inner dia  156.4mm 


No. of slots  48 
 Stator pack length  40mm 
 Lamination thickness  0.5mm 


h1 1.0mm 
h2 1.0mm 
h5 30.7mm 
b1 2.0mm 
b4 4.6mm 
b5 8.6mm 
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 (b) 


Figure 4.2 Test motor Stator dimensions 
 4.4 Winding and assembly 


Stator is wound with a three phase conventional winding with one parallel path. 


Calculated conductor diameter is 2.9 mm. For ease of winding and for better fill factor, 
 the conductor diameter is selected as 1.06mm with 8 parallel wires so that the effective 
 cross section area is same as the original. Resistance per phase is measured as 16 mΩ. 


The Stator assembly is inserted in to the frame which is the outer body of the machine. 


The Stator assembly is shown in Figure 4.3 


The stator and rotor are held together by end shields. The end shields also house 
 bearings and rotor shaft is inserted in these bearings. The openings in the end shields 
 help to provide air circulation. 


Figure 4.3 



Parameter Value


Turns/phase 56 
 Resistance/phase 16mΩ 


Conductor diameter  1.06mm 
No. of parallel conductors  8 
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 4.5 Test arrangement 


For evaluating performance of the machine and to record its measurements the 
 PMSM is connected to a load machine through a torque transducer. The torque 
 transducer measures torque and speed of the rotating shaft. A four quadrant DC drive is 
 used as a load machine or prime mover for testing. 400 V frequency converter with 540 
 V UDC is used to test the machine instead of 120 V UDC. However, the terminal voltage 
 fundamental of the machine is maintained at its rated value. Sufficient smoothening is 
 ensured to protect the machine from high ripples. The phase terminals of the machine 
 are connected to power analyser for voltage, current and power measurements. The 
 arrangement is shown in Figure 4.4. 


Figure 4.4 


4.6 No load test 


The machine was rotated at rated speed of 1500 rpm using the prime mover and 
 terminal voltage is measured. The voltage waveform is indicated in Figure 4.5. It is 
 observed that the no load voltage EPM is 38.3V which is 0.78 p.u. 


PMSM (Test Machine)


Torque transducer


Load machine / 
Primemover 
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 Figure 4.5 


4.7 Load Test 


Machine is operated at rated speed both as motor and generator. It is loaded 
 gradually till its rated value. Table 4.1 (a) indicates the measurement values as motor 
 and Table 4.1 (b) as generator. 


Table 4.1 


U (V)  I (A)  P (W)  cosφ  n (rpm)  T (Nm)  Pm (W)  η 


39.8 23.2 2917.8 0.99 1498 15.21 2384.9 0.82 
 42.4 45.5 5649.6 0.94 1496 31.3 4904.9 0.87 
 45.8 69.8 8525.9 0.88 1496 46.99 7362.3 0.86 


49.7 86.1 10590.4 0.7  1496 53.77 8422.9 0.80 


48.8 101.5 11811.5 0.79  1500  64.8 10178.8 0.86 


(a) 


U (V)  I (A)  P (W)  cosφ  n (rpm)  T (Nm)  Pm (W)  η 


38.4 22.9 -2256.9 -0.97 1495 -17.52 -2743.3 0.82 


39.2 45.4 -4670.9 -0.91 1496 -34.23 -5361.7 0.87 


43.8 71.2 -6814.6 -0.77 1495 -51.17 -8009.9 0.85 


40.2 97.0 -9124.8 -0.78 1442 -67.5 -10192.9 0.90 


(b) 


Speed 1500 rpm 


Frequency 100 Hz 


EPM (ph-ph)  66.3 V 


EPM 38.29 V 
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 4.8 Flux weakening Mode 


The machine is operated in Flux weakening mode by giving a flux reference less 
 than its rated value. Hence, higher speed is achieved without increasing the voltage. 


There is a limitation in the load machine to run beyond 3000 rpm. Hence the machine 
 was tested with load at 2500 rpm in Flux weakening mode and measurements are 
 recorded in Table 4.2 (a).  


However, in order to check its full flux weakening capability, the machine was 
 run at its rated speed with lower flux linkage reference values up to 0.33 p.u. ( i.e by 
 reducing the voltage) thereby ensuring that the machine can run up to 3 p.u. speed. It is 
 observed that when the flux reference is 0.33, the current magnitude is 53A, which is 
 less than the rated current. There is sufficient current reserve of 40 A at this flux level 
 which implies that it can also produce the required torque at these flux levels. The 
 voltage and current measurements at different flux levels are indicated in Table 4.2 (b). 


Table 4.2 


U (V)  I (A)  P (W)  cosφ  n (rpm)  T (Nm)  Pm (W)  η 


52 76.5 11926 1  2500 38.4 10053 0.84 


(a) 


Flux ref  U (V)  I (A)  Ψs (Vs)  Ψs/ ψPM


0.56  28.4  22.2 0.0614 0.74 
 0.48  24.2  33.8 0.0505 0.61 
 0.4  20.8  43.1 0.0418 0.50 
 0.32  17.3  53.2 0.0326 0.39 


(b) 
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 4.9 Low speed operation 


The machine is operated at half of its rated speed i.e. 750 rpm and the 
 measurement values both as motor and as generator are indicated in Table 4.3.  


Table 4.3 


U (V)  I (A)  P (W)  cosφ  n (rpm)  T (Nm)  Pm (W)  η 
 20.7 22.8 1480  0.99  747  15.5  1215 0.82 
 22.3 46.7 2878  0.97  747  31.7  2477 0.86 
 25.7 67.0 4406  0.91  747  46.9  3668 0.83 


(a) 


U (V)  I (A)  P (W)  cosφ  n (rpm)  T (Nm)  Pm (W)  η 
 22.5 22.2 1088  0.97  747  17.2  1343 0.81 
 18.4 44.3 2249  0.90  747  33.8  2644 0.85 
 18.4 69.5 3166  0.73  747  50.7  3962 0.80 


(b) 


4.10 Summary 


The PMSM was built as per the design requirements to meet all the operating 
points. The machine was tested in all its operating regions, rated speed, high speed and 
low speed. Cranking requirement of producing twice the rated torque at 150 rpm with 
twice the rated current was not tested due to the restriction in the inverter module with 
its current carrying capability. As an overall, the machine meets its requirements for a 
parallel hybrid vehicle to operate in wide speed range and deliver the required power. 
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5. Conclusion 


This Master’s Thesis has focused on a PMSM for Hybrid Electric Vehicle 
 application. Machine design parameters were arrived from the performance and control 
 requirements using vector calculations. Finite Element Analysis was carried out to 
 optimise the dimensions in order to achieve the required inductance values. Sensorless 
 Vector control algorithm was used for controlling the machine. The control algorithm 
 was tested using a low power motor and controller. A prototype was built with the 
 design values and tested to confirm the design. Different operating modes were 
 examined and tested to ensure that the machine meets all the necessary requirements. 


Future work 


In recent times, availability of NdFeB magnets and its cost have become a 
 worrying factor. Hence alternate designs are being focused instead of PMSM for Hybrid 
 Electric Vehicle application. Some of the options include Synchronous Reluctance 
 machine or Claw-Pole Synchronous Machine. Since the claw pole synchronous machine 
 is widely used in automotive alternator, its robustness and ease of manufacture add to its 
 advantage.   


Future work would be to explore the use of the Claw-Pole Synchronous machine 
for Hybrid Electric Vehicle application. Suitable control algorithm needs to be explored 
for control of Claw-Pole machine to achieve wide speed operation. 
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