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Abstract 

This paper develops a new field weakening method for 

an integrated permanent magnet synchronous machine vehicle 

drive. This method adopts both the DC-link and the rotor 

speed as a feedback signals to generate the demagnetizing 

current reference. This eliminates the effect of the rotor speed 

on the FW controller dynamics and ensures stable operation 

across the whole range of speeds. Mathematical analysis of 

the system is used to design the controller gains to achieve the 

desired dynamic response. A maximum torque per ampere 

(MTPA) strategy is included in the control design, with a 

linearized function to reduce the computational demand. 

Experimental results show stable and satisfactory operation at 

different speeds and load conditions. They also illustrate 

smooth transition between the MTPA operation and the FW 

operation when the rotor speed crosses base speed.    

1 Introduction 

Because of their high power density, high efficiency, 

and high torque to inertia ratio, permanent-magnet 

synchronous machines (PMSM) have been widely used in 

many applications [1]. However, in order to extend the 

operating speed range of these machines, specific control is 

required, because of the constant permanent magnet field. The 

most common strategy is referred to as field-weakening 

control [2]. This paper addresses an integrated vehicle drive, 

which was designed for constant torque to base speed and 

constant power over a 3:1 speed range. 

Several field-weakening (FW) control methods were 

proposed in the literature [2-13]. Early schemes injected 

negative d-axis current to cancel the flux, based on either 

measured speed or desired voltage. However, these schemes 

tended to be slow and difficult to tune, with non-linear 

behaviour across the extended speed range.  Other schemes 

use a machine model to calculate the current commands [6-9]. 

These methods can achieve a fast dynamic response, 

however, their performance is very dependent on model 

parameters which can vary significantly with the operating 

conditions [3, 10].  

To overcome this problem, more robust field-weakening 

control methods were proposed [11-14]. Most of them include 

DC-link voltage feedback and have a PI controller to generate 

the required demagnetizing current. In [11] the difference 

between the inverter maximum voltage and the demanded 

voltage is used, whereas in [12] the difference in voltage 

between the output and the input of the over-modulation 

block is employed. Such systems usually have poor dynamic 

performance which varies significantly with the rotor speed 

[13, 14]. 

Another feedback-based field weakening control scheme 

was introduced in [15]. This scheme depends on the reference 

voltage vector, the speed reference and the measured speed to 

decide the proper demagnetizing current for each different 

torque. The results, however, show chattering in the 

demagnetizing current reference during transient operation 

due to the discretised nature of the control system. 

In this paper, a new feedback field weakening control 

strategy for a permanent magnet synchronous machine is 

introduced. This method adopts both the DC-link and the 

rotor speed as a feedback signals to generate the 

demagnetizing current reference. This eliminates the effect of 

the rotor speed on the field weakening control loop dynamics 

and ensures stable operation across the whole range of 

operational speeds. Mathematical analysis of the system is 

also included to allow design of the controller gains for a 

specified bandwidth. 

To maximize the system efficiency and to reduce the 

copper loss in the machine windings, a maximum torque per 

ampere (MTPA) strategy is applied. A new linearized 

function is derived to minimize the computational demand 

associated with the MTPA calculations. In Section 3, 

experimental results are presented for a 2.83kW surface 

magnet PM machine with significant saliency. Smooth 

transition between the two operation regions (MTPA and the 

field weakening) is achieved. 

2 The proposed control system 

Fig.1 shows an overall block diagram of the control 

system. A conventional cascaded PM machine control is 

applied. The field weakening & MTPA block generates the 

stator current demands for the machine. The specifications 

and design aspects of this block are detailed in this section.     
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 Fig.1 Block diagram of the control system 

 

The FW & MTPA block consists of two parts as shown 

in Fig.2. Each part becomes effective in a different speed 

region, and the controller ensures smooth transition between 

them.  The first part is the MTPA, which is effective for 
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operation below base speed. This part is responsible for 

reducing copper-loss in the machine windings and increasing 

efficiency. The second part is the FW which becomes 

effective in the high speed region. This part is responsible for 

reducing the machine flux linkage in order to keep the 

machine terminal voltage below the inverter maximum 

voltage.  
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Fig.2 Block diagram of the FW & MTPA controller  

2.1 The field weakening controller  

For the FW controller, as shown in Fig.2, the inputs are 

the rotor electrical speed ωs and reference voltages u
*
sd,

 
u

*
sq,

 

which are compared with the maximum voltage Umax. The 

reference voltages are obtained as outputs of the modulator 

block (Fig.1), whereas the maximum voltage is calculated 

from the measured DC-link: Umax=UDC-link/√3. The voltage 

difference (Umax-|u|) is divided by the rotor speed, to 

eliminate the effect of speed on the controller dynamic 

response. Hence, the input to the proportional-integral (PI) 

controller is (Umax-|u|)/ωs which computes the component of 

d-axis current demand that is responsible for modifying the 

flux-linkage in the machine, i
*

sd1. 

To derive the mathematical model for tuning the 

proposed FW controller, the stator voltage equations in the 

rotor reference frame are used [16]:  

sqsqs
sd

sdsdssd iL
dt

di
LiRu   

(1) 

pssdsds

sq

sqsqssq iL
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where usd,
 
usq, are the stator voltage components; isd,

 
isq, are 

the stator current components, ψp is the flux linkage due to the 

permanent magnet, Rs is the stator resistance and Lsd, Lsq are 

the direct and quadrature self-inductances respectively, all 

expressed in the rotor reference frame. 

In the field weakening region, ωs is large and, therefore, 

the following become true: 
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As a result, (1) simplifies to: 

sqsqssd iLu   
(3) 

pssdsdssq iLu    

The voltage vector amplitude is calculated as: 

    22

psdsdssqsqs iLiLu    
(4) 

and: 
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(5) 

It can be seen that the (5) is a non-linear function of isd 

and
 
isq. For the analysis of the FW controller, it is assumed 

that the DC-link voltage is constant. In large airgap machines 

ψp>>Lsq isq so the influence of isq on voltage magnitude is 

small and can be treated as a disturbance term.   To deal with 

the non-linearity a Taylor series expansion about operating 

point x0 can be used, which is given by: 
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Applying (6) to (5), with su  = f(x) and 
sdi =x, gives: 

  sds iKu    (7) 

where 
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(8) 

Equation (7) provides the small-signal linear approximation 

with d-axis current. K varies slightly with the choice of 

operating point, but is approximately equal to Lsd for 

),( 00 sqsqsdsdp iLiL .  

To find the transfer function of the closed-loop system, the 

transfer function of a PI controller is used: 

sKsKsH ip )()(   (9) 

where Kp and Ki are the proportional and integral gains 

respectively. If the inner current loop is treated as ideal, the 

closed loop transfer function becomes: 

isdpsd

ipsd

KLKLs

KsKL
sG






)1(

)(
)(  

(10) 

From (10), increasing Kp increases the time constant, so an 

integral-only controller is preferred. For Kp=0, (10) becomes: 

)()( isdisd KLsKLsG   (11) 

with a closed-loop time constant of: 

)(1 idCL KL   (12) 

The integral gain determines the response time of the FW 

controller, so proper tuning can give the desired system 

dynamics. 
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2.2 Maximum torque per ampere scheme 

 As can be seen in (13), torque in salient PM machines has 

two different components: 

 )(
2

3
sqsdsqsdsqpe LLiiiPT    

(13) 

where P is the number of pole pairs and Te is the torque. The 

first component is  the result of the interaction between the q-

axis current and  the permanent magnet flux linkage while the 

second one is the reluctance torque which is due to the 

difference in the inductance between the d and q axes [17]. 

For any load torque, there is an optimal current angle that 

corresponds to the maximum torque for a given magnitude of 

current, and corresponds to the condition of minimum motor 

copper loss. The MTPA angle (β, which is defined as the 

angle of the current vector with respect to the q-axis), can be 

derived by setting  ∂Te/∂β = 0. This leads to the following 

equation [17]: 
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(14) 

where Ia is the current vector amplitude. 

 Fig.3 shows the relationship between the torque and the 

current angle for a fixed current magnitude, corresponding to 

rated current in the test motor. In the test motor, the MTPA 

algorithm gives about 0.4% improvement in efficiency. This 

may seem small, but with for a target design of 95% 

efficiency in the electric vehicle application, even small gains 

are worth implementing. 

 
Fig.3 Relationship between the torque and the current angle for a 

fixed current magnitude. 

 

 From (14) it can be seen that sin β is function of the 

current vector amplitude. This means that an arcsine needs to 

be calculated at every sampling period in order to find the 

MTPA angle. That can be a problem for real time application 

and, therefore, the following approach is proposed. Because β 

variations are small over the operating region considered, the 

following approximations become possible: (a) β≈sin β,  

(b) β =f(Ia) is a linear function. 

 To find the equivalent linear function  β =f(Ia),  a Taylor 

series expansion is applied again to (14).  
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By differentiating (14) and defining A as: 
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Equation (17) shows that for any non-zero current I0 the 

derivative d f(Ia)/dI is constant. Substituting (17) in (15) gives 

the new simplified function of the MTPA angle: 

CIB a   (18) 
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Fig.4 MTPA angle versus the current vector amplitude  

 
Fig.5 MTPA angle error, using the linearized function 

 

 Equation (20) shows that the new MTPA function can be 

approximated by a linear relationship to current amplitude, Ia. 

During the following study, the operating point for the 

linearization, I0 is taken as half of the rated current. Fig. 4 

shows the angle β versus the current amplitude Ia. The red line 

represents the angle calculated using (20) whereas the full 

expression in (14) is used for the blue one. Fig.5 shows that 

the error between these two functions is negligible. β can then 

be used to generate i
*

sq and the MTPA component of flux 

current  i
*
sd2, as shown in Fig. 2. A limiter block (not shown) 

is used to ensure the final value of i
*
sq from the FW/MTPA 

block does not exceed the rated current.   

MTPA 



4 

3 Experimental results 

 
Fig.6 Experimental rig 

The experimental test rig used to validate the proposed 

control is shown in Fig. 6. It consists of a 2.83-kW, 400-V, 

star-connected 6-pole, three-phase, PMSM. The test motor is 

not an automotive design, but has been used to test the control 

algorithms. The motor parameters are presented in the 

appendix. The motor is loaded by a 4.19-kW, 380-V, four-

pole, 1800-rpm induction machine (IM), with a commercial 

Control Techniques (Nidec), Unidrive SP converter. Torque 

is measured with an in-line transducer, speed with a 4096 line 

optical encoder, and current using LEM current sensors. 

  
a) Reference and measured speed 

 
b) Demanded voltage magnitude and voltage limit 

 
c) d and q axis currents 

 
Fig. 7 Response to a step change in speed at no-load. 

 

The ac drive consists of a 5A/300V DC power supply, 

and a TMDXIDDK379D prototyping inverter, rated up to 

200V, 5.6A per phase; the switching frequency is 10 kHz and 

the dead-time is 2 µs. To control the ac drive, a 

TMS320F28379D Dual-Core Delfino Microcontroller is used. 

The control algorithm, based on the FOC scheme in Fig 1, is 

written in C-code and is developed using Code Composer 

Studio software. The FOC algorithm is executed with a 10 

kHz sampling frequency, synchronised with the PWM. 

The FW/MTPA controller response to a step change in the 

rotor reference speed was first examined with no applied load. 

The speed reference was initially set to 500 rpm and after 1 s 

it was changed to 1400 rpm as show in Fig.7a. The d and q-

axis currents are shown in Fig.7c. At 1 s the MTPA algorithm 

responds to the speed change by increasing the d-axis current. 

This ensures a maximum torque/current ratio during the speed 

transient which continues until the voltage vector amplitude 

reaches the maximum voltage limit. After this point the FW 

controller overtakes the MTPA role by increasing the d-axis 

current to the value required to prevent the voltage amplitude 

exceeding the maximum voltage as shown in Fig.7b. 

  
a) Reference and measured speed 

 
b) Demanded voltage magnitude and voltage limit 

 
c) d and q-axis currents 

 
Fig. 8 Response to a step change in speed at 4.8 N.m load 
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The test was then repeated for the same speed step, but 

this time a load torque of 4.8 N.m was applied by the IM. The 

results of the test are presented in Fig. 8 which shows a longer 

transient period compared with Fig. 7. This can be explained 

by the increase in current amplitude due to the load torque, 

which causes higher demanded voltage. As a result, the FW 

controller will increase d-axis current further to limit the 

voltage, leaving less current to produce the torque required to 

accelerate the rotor. 

  
a) Reference and measured speed 

 
b) Demanded voltage magnitude and voltage limit 

 
c) d and q-axis currents 

 
Fig. 9 Response to a 6.8 N.m step in load torque at 500 rpm 

 Load torque rejection is examined in Figs. 9 and 10, 

where a sudden load change was applied while the motor was 

spinning at constant speed. In Fig 9, a speed of 500 rpm was 

chosen, which is below base speed, to verify the MTPA 

algorithm, whereas a speed of 1337 rpm used in Fig. 10, to 

test in the FW region. Figs 9a and 10a show good load 

rejection capability at both speeds, with a 20 rpm reduction in 

rotor speed when the load is applied at 1 s, after which the 

speed is quickly restored to its previous value. The MTPA 

algorithm in Fig. 9c shows a rapid change in current angle 

when the load step occurs which maintains a minimum 

current/torque ratio during and after the transient operation.  

The field weakening controller in Fig. 10c also shows a very 

good response to the torque disturbance, and the voltage was 

successfully kept below the maximum voltage throughout the 

test, Fig 10b. 

  
a) Reference and measured speed 

 
b) Demanded voltage magnitude and voltage limit 

 
c) d and q-axis currents 

 
Fig. 10 Response to a 6.8 N.m step in load torque at 1337 rpm 

 

 

To test the effect of the MTPA on the stator current 

amplitude, the machine was run at 500 rpm, and the load was 

changed between 1 and 7 N.m. The current was recorded over 

15 sec and average of the current vector amplitude was 

calculated. Table II shows the results of this test. 

From the table it can be seen that the reduction in the 

current amplitude because of MTPA is small, and it becomes 

negligible for torques below 5 Nm. This is because the 

PMSM has a large airgap and low inductance, so low 

reluctance torque. However, even a small reduction can make 

difference over the long term. 
 

Table II. Stator current vs load torque 

TL 1 2 3 4 5 6 7 

|Ia| (A) 1.27 2.07 2.98 4.00 4.92 5.79 6.69 

|Ia|MTPA  

(A) 
1.27 2.08 2.99 4.01 4.86 5.72 6.63 
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4 Conclusion 

In this paper a new MTPA/FW method for an integrated 

permanent magnet synchronous machine vehicle drive was 

developed. The FW controller uses both the DC-link and the 

rotor speed as a feedback signals to generate the 

demagnetizing current reference. Mathematical analysis of 

the FW system was included to design the controller gains. A 

linearized MTPA function was also derived to reduce the 

computational demand. Experimental results showed stable 

and satisfactory operation at speeds bellow the base speed and 

in the FW region including different loading conditions. They 

also illustrated smooth transition between the MTPA and the 

FW operation when the rotor speed passed the base speed. 

The MTPA displayed small reduction in the stator current 

vector amplitude especial for high load torque conditions. 

Acknowledgements 

The authors would like to thank the UK Engineering and 

Physical Sciences Research Council, Centre for Power 

Electronics, for funding the Next Generation Integrated 

Drives project. Machine design criteria were provided by the 

University of Newcastle. They also would like to thank Mr. 

Alexey Bodrov for his help in developing the c-code. 

References 

[1] J. Y. Alsawalhi and S. D. Sudhoff, "Design 

Optimization of Asymmetric Salient Permanent Magnet 

Synchronous Machines," IEEE Trans. Energy Conv., 

vol. 31, pp. 1315-1324, 2016. 

[2] E. Trancho, E. Ibarra, A. Arias, I. Kortabarria, J. 

Jurrgens, L. Marengo, et al., "PM-Assisted Synchronous 

Reluctance Machine Flux Weakening Control for EV 

and HEV Applications," IEEE Trans. Ind. Electron., 

2017. 

[3] C.-T. Pan and J.-H. Liaw, "A robust field-weakening 

control strategy for surface-mounted permanent-magnet 

motor drives," IEEE Trans. Energy Conv., vol. 20, pp. 

701-709, 2005. 

[4] H. Ge, Y. Miao, B. Bilgin, B. Nahid-Mobarakeh, and A. 

Emadi, "Speed Range Extended Maximum Torque Per 

Ampere Control for PM Drives Considering Inverter and 

Motor Nonlinearities," IEEE Trans. Power Electronics, 

vol. 32, pp. 7151-7159, 2017. 

[5] C. Tang, W. L. Soong, N. Ertugrul, and T. M. Jahns, 

"Analysis of iron loss in interior PM machines with 

distributed windings under deep field-weakening," in 

Energy Conv. Congress and Exposition (ECCE), 2014 

IEEE, 2014, pp. 4170-4179. 

[6] S. Morimoto, Y. Takeda, and T. Hirasa, "Flux-

weakening control method for surface permanent 

magnet synchronous motors," in Proc. IPEC-Tokyo'90, 

1990, pp. 942-949. 

[7] R. Dhaouadi and N. Mohan, "Analysis of current-

regulated voltage-source inverters for permanent magnet 

synchronous motor drives in normal and extended speed 

ranges," IEEE Trans. Energy Conv., vol. 5, pp. 137-144, 

1990. 

[8] S. R. Macminn and T. M. Jahns, "Control techniques for 

improved high-speed performance of interior PM 

synchronous motor drives," in Ind. Apps. Soc. Ann. 

Meeting, 1988., IEEE, 1988, pp. 272-280. 

[9] M. Tursini, A. Scafati, A. Guerriero, and R. Petrella, 

"Extended torque-speed region sensor-less control of 

interior permanent magnet synchronous motors," in 

Electrical Machines and Power Electronics, 2007. 

ACEMP'07. Int. Aegean Conf., 2007, pp. 647-652. 

[10] M. Tursini, E. Chiricozzi, and R. Petrella, "Feedforward 

flux-weakening control of surface-mounted permanent-

magnet synchronous motors accounting for resistive 

voltage drop," IEEE Trans. on Ind. Electron., vol. 57, 

pp. 440-448, 2010. 

[11] J.-H. Song, J.-M. Kim, and S.-K. Sul, "A new robust 

SPMSM control to parameter variations in flux 

weakening region," in Ind. Electron., Control, and 

Instrumentation, 1996., Proc. 1996 IEEE IECON 22nd 

Int. Conf. on, 1996, pp. 1193-1198. 

[12] T.-S. Kwon and S.-K. Sul, "Novel antiwindup of a 

current regulator of a surface-mounted permanent-

magnet motor for flux-weakening control," IEEE Trans. 

on Ind. Apps., vol. 42, pp. 1293-1300, 2006. 

[13] D. Sun, Z. Zheng, B. Lin, W. Zhou, and M. Chen, "A 

Hybrid PWM based Field Weakening Strategy for 

Hybrid-inverter Driven Open-winding PMSM System," 

IEEE Trans. Energy Conv., 2017. 

[14] Y.-C. Kwon, S. Kim, and S.-K. Sul, "Six-step operation 

of PMSM with instantaneous current control," IEEE 

Trans. on Ind. Apps, vol. 50, pp. 2614-2625, 2014. 

[15] S.-M. Sue, C.-T. Pan, and Y.-C. Hwang, "A new field-

weakening control scheme for surface mounted 

permanent-magnet synchronous motor drives," in Ind. 

Electron. and Apps, 2007. ICIEA 2007. 2nd IEEE Conf. 

on, 2007, pp. 1515-1520. 

[16] N. P. Quang and J.-A. Dittrich, Vector control of three-

phase AC machines: Springer, 2008. 

[17] T. Sun, J. Wang, and X. Chen, "Maximum torque per 

ampere (MTPA) control for interior permanent magnet 

synchronous machine drives based on virtual signal 

injection," IEEE Trans. Power Electronics, vol. 30, pp. 

5036-5045, 2015. 
 

Appendix 

Table I. PM motor parameters 

Symbol Quantity Value 

Rs Stator resistance 0.86 Ω 

Ld d-axis self-inductance 6.5 mH 

Lq q-axis self-inductance 11 mH 

ψp Permanent magnet flux linkage 0.2547 Wb 

J Test rig inertia 0.011 kg.m
2 

 


