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Abstract:  Resolvers are normally employed for rotor positioning in motors for electric vehicles, but resolvers are expensive and 
vulnerable to vibrations. Hall sensors have the advantages of low cost and high reliability, but the positioning accuracy is low. Motors 
with Hall sensors are typically controlled by six-step commutation algorithm, which brings high torque ripple. This paper studies the 
high-performance driving and braking control of the in-wheel permanent magnetic synchronous motor (PMSM) based on low-resolution 
Hall sensors. Field oriented control (FOC) based on Hall-effect sensors is developed to reduce the torque ripple. The positioning 
accuracy of the Hall sensors is improved by interpolation between two consecutive Hall signals using the estimated motor speed. The 
position error from the misalignment of the Hall sensors is compensated by the precise calibration of Hall transition timing. The braking 
control algorithms based on six-step commutation and FOC are studied. Two variants of the six-step commutation braking control, 
namely, half-bridge commutation and full-bridge commutation, are discussed and compared, which shows that the full-bridge 
commutation could better explore the potential of the back electro-motive forces (EMF), thus can deliver higher efficiency and smaller 
current ripple. The FOC braking is analyzed with the phasor diagrams. At a given motor speed, the motor turns from the regenerative 
braking mode into the plug braking mode if the braking torque exceeds a certain limit, which is proportional to the motor speed. Tests in 
the dynamometer show that a smooth control could be realized by FOC driving control and the highest efficiency and the smallest 
current ripple could be achieved by FOC braking control, compared to six-step commutation braking control. Therefore, FOC braking is 
selected as the braking control algorithm for electric vehicles. The proposed research ensures a good motor control performance while 
maintaining low cost and high reliability. 
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1  Introduction∗

 
With the challenges of energy and environment crisis, 

new-energy vehicles have been the focus of the automotive 
industry. Battery electric vehicles have the advantages of 
high efficiency and zero emission and have been developed 
intensively by automotive manufacturers. Limited by the 
battery technology, battery electric vehicles are still not 
competitive enough compared with conventional vehicles 
in the aspects of driving range and cost. Micro electric 
vehicle is less battery critical and should be given priority 
in research as the first step into the electric driving era.  

“Micro-Harry” is an experimental micro electric vehicle, 
which is driven by four in-wheel permanent magnetic 
synchronous motor (PMSM)[1], as shown in Fig. 1. 

 

PMSM is widely used as traction motor in electric 
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vehicles with the advantages of high power density and 
high efficiency[2–3]. FOC is appropriate for PMSM with 
sinusoidal back-EMF and has been researched 
intensively[4–5]. Recently, sensorless control of PMSM has 
been highlighted[6–7] in order to improve the reliability and 
cut the cost of high-resolution rotor position sensors, such 
as resolvers. However, while sensorless control can identify 
rotor position with enough accuracy at high speed range, 
the low speed performance could not meet the requirement 
of electric vehicles. 

 

  
(a) (b) 

Fig. 1.  “Micro-Harry” electric vehicle driven 
by four in-wheel motors 

 
The rotor position of the in-wheel PMSM in 

“Micro-Harry” is acquired by three low-resolution Hall 

http://www.cjmenet.com.cn/�


 
 

GU Jing, et al: Driving and Braking Control of PM Synchronous Motor Based 
on Low-resolution Hall Sensor for Battery Electric Vehicle 

 

·2· 

sensors. Typically simple six-step commutation control is 
applied, but the high torque ripple and thus the noise and 
vibration problems are big drawbacks of the six-step 
commutation control. This paper tries to improve the 
performance using FOC based on low-resolution Hall 
sensors.  

Regenerative braking is a great advantage of electric 
vehicles over conventional vehicles. Kinetic energy can be 
recovered to energy storage devices instead of being wasted 
as heat. So regenerative braking is a key technology to 
extend the driving range, which is limited by the on-board 
battery capacity. Regenerative braking can be realized by 
six-step commutation control[8–9] and FOC[10–11]. At low 
speed range where no enough braking torque could be 
delivered by regenerative braking, plug braking is 
necessary, but energy is drawn out of the battery instead of 
being recovered in plug braking. 

This paper firstly illustrates the FOC of PMSM with 
low-resolution Hall-effect sensors. Then the braking 
control algorithms based on six-step commutation and FOC 
are discussed in details. The driving and braking control is 
verified by tests on dynamometer. Summary and 
conclusion are drawn finally. 

 
2  FOC Driving Control of PMSM Based   

on Hall Sensors 
 

2.1  FOC of PMSM 
“Micro-Harry” adopts non-salient outer rotor PMSMs. 

Fig. 2 shows the sketch of the control circuit. The electrical 
model of PMSM in the d-q reference frame can be 
expressed as in Eqs. (1) and (2): 

 
d ds d q

d s qq q f

0
,

u iR pL L
L R pLu i

ω
ω ωψ

                                  
(1) 

 
em p f q ,T n iψ                 (2) 

 
where  ud, uq—d- and q-axis terminal voltages, 
 id, iq—d- and q-axis armature currents, 
 Ld, Lq—d- and q-axis inductances, 
 Rs—Armature resistance, 
 ω—Electrical angular velocity, 
 ψf—Permanent magnet flux-linkage, 
 np—Number of pole pairs, 
 p—Differential operator, pddt. 

 

 
Fig. 2.  Sketch of the control circuit of PMSM  

Ld and Lq are equal for non-salient motors. As indicated 
by Eq. (2), the motor torque is determined only by iq and 
has nothing to do with id. In order to get a better motor 
efficiency, id is controlled to be zero during operation to 
reduce the copper loss. The control diagram of FOC is 
illustrated in Fig. 3. The precision of position estimation is 
crucial for FOC performance. 

 

 
Fig. 3.  Control diagram of FOC for PMSM 

 
 

2.2  Position estimation based on Hall sensors 

2.2.1  Position estimation algorithm 
Three Hall sensors are employed for rotor positioning, as 

shown in Fig. 4. The combination of three Hall sensors 
divides an electrical cycle into 6 intervals as shown in Fig. 
5, which means that only an accuracy of 60 electrical 
degrees could be achieved. In order to get a continuous and 
precise rotor position signal, Hall signals need to be further 
processed.  

 

 

 
(b) 

Fig. 4.  Hall sensors in PMSM 
 

 
Fig. 5.  Hall signals during an electrical cycle 
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The basic idea of improving the positioning accuracy is 
to do interpolation between two consecutive Hall signals 
using the estimated motor speed, which can be illustrated 
by Fig. 6[12]. Hall signals update the rotor position every 60 
electrical degrees as at t0 and t1, which correspond to the 
rotor positions of θ0 and θ1. The position difference 
between θ0 and θ1 is 60 electrical degrees. The average 
motor speed ωest between t0 and t1 could be calculated using 
Eq. (3): 

 

est
1 0

π/ 3 .
t t

ω 
                

(3) 

 
Then the position at instant of time t is approximated as in 
Eq. (4): 

 
est 1 est 1( ).t tθ θ ω               (4) 

 

 
Fig. 6.  Position estimation based on Hall sensors 

 
The position estimation method is based on the 

assumption that the motor speed is kept constant, which is 
not realistic in vehicle operations, especially when the 
vehicle is running in a rapid accelerating or a hard braking 
condition. As in Fig. 6 when the motor is accelerating, the 
estimated motor speed is the average speed in the last Hall 
interval, so it’s smaller than the actual motor speed and the 
position error comes out. 

Methods to compensate for the motor dynamics are 
proposed in Refs. [12–13]. Ref. [12] suggests to 
compensate the estimated position with the motor 
acceleration according to the estimated motor torque. But 
this only works if the load torque is relatively stable or at 
least predictable, which is typical for industry applications 
but not likely to happen in vehicle operations. For example, 
the acceleration of a vehicle running uphill may be quite 
different with that of a vehicle running downhill with the 
same driving torque. A forecast algorithm is proposed in 
Ref. [13] taking the motor acceleration into consideration, 
which is calculated based on the average motor speeds in 
the past two Hall intervals. However, the acceleration is 
quite unpredictable in complicated operation situations, 
especially in low speed range. When the acceleration 
changes suddenly, the estimated acceleration cannot follow 
the actual value quickly enough. In this case, the 
compensation method might reversely impair the 

positioning accuracy. Methods to improve the positioning 
accuracy, which are suitable for vehicle application in 
complicated situations, remain for further research. 

2.2.2  Compensation for misalignment of Hall sensors 
Ideally, the Hall sensors are located with 120 electrical 

degrees apart, and each Hall interval corresponds to 60 
electrical degrees. But in real applications, the position 
error caused by the misalignment of Hall sensors cannot be 
neglected. As shown in Fig. 4, the Hall sensors are placed 
in the stator coils. With a stator diameter of 198 mm and 46 
poles rotor, a misalignment of 0.5 mm of the Hall sensor 
could lead to a position error of 6.7 electrical degrees. 

As shown in Fig. 7, the misalignment of Hall sensors can 
cause an uneven distribution of Hall intervals, which needs 
to be compensated. 

 

 
Fig. 7.  Misalignment of Hall sensors 

 
To measure the actual distribution of Hall intervals, the 

motor is driven by the dynamometer at a constant speed, 
and then the position intervals are proportional to the time 
intervals between Hall transitions. As can be seen from the 
experiment result shown in Fig. 8, the actual Hall intervals 
deviate a lot from the ideal value of 60 electrical degrees, 
and the maximum position error of the measured motor is 
over 8 electrical degrees, which could have much influence 
on the control performance. As a result, the motor speed 
estimation in Eq. (3) should be modified as in Eq. (5): 

 
1 0

est
1 0

.
t t
θ θω 


                

(5) 

 

 
Fig. 8.  Hall intervals measured at a constant motor speed 

 
 

3  Electrical Braking Control of PMSM 
 

Both regenerative braking and plug braking can be 
applied to decelerate a PMSM. But kinetic energy is 
transformed into electric energy and restored in batteries in 
regenerative braking, while electric energy is drawn out of 
batteries to generate braking torques in plug braking.  

Although the motor is characterized with a sinusoidal 
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back EMF, braking control methods based on six-step 
commutation derived from motors with trapezoidal back 
EMF can still be applied and satisfactory braking 
performances can be achieved. A more accurate control of 
braking torque can be realized in d-q axis frame as in FOC. 

 
3.1  Six-step commutation electrical braking control 

3.1.1  Six-step commutation regenerative braking 
For permanent magnetic motors powered by batteries, 

the back EMF is smaller than the battery voltage, so the 
boost converter circuit is necessary to guide the current 
back to the battery. The principle of the boost circuit is 
explained in Ref. [15], so it’s not going to be detailed here.  

Generally, there are two variants of six-step 
commutation braking, namely half-bridge commutation 
braking and full-bridge commutation braking, whose 
principles are explained in Fig. 9. The upmost three curves 
are the back EMFs of Phase A, B and C represented by the 
red, green and blue curves respectively. Then the control 
signals of the inverter. High-bridge commutation and 
low-bridge commutation, as two variants of half-bridge 
commutation are basically equivalent to each other, so only 
high-bridge commutation is shown here. 

 

 
Fig. 9.  Regenerative braking based on six-step commutation 
 
As can be seen from Fig. 9, each high-bridge is ON for 

120 electrical degrees and low-bridge is kept OFF in one 
electrical cycle in high-bridge commutation braking, while 
each bridge is ON for 60 electrical degrees in full-bridge 
commutation braking. As a result, the load unbalance 
between high-bridge and low-bridge may be a problem for 
half-bridge commutation braking if the motor is kept in the 
regenerative braking mode for a long time. 

Compared with the half-bridge commutation braking, 

full-bridge commutation braking can better explore the 
potential of the back EMF of the motor. Take the shadowed 
interval (90°–120°) in Fig. 9 for example. Fig. 10 and Fig. 
11 show the states in high-bridge commutation braking and 
full-bridge commutation braking respectively. One 
significant difference between the two control strategies is 
that, in high-bridge commutation mode the back EMF of 
Phase B is reversely blocked and thus does not contribute 
to electrical braking, while full-bridge commutation 
braking can make full use of the back EMFs of all three 
phases. 

 

 

Fig. 10.  High-bridge commutation braking 

 

 

Fig. 11.  Full-bridge commutation braking 
 

3.1.2  Six-step commutation plug braking 
Plug braking is to drive the motor in the reverse direction. 

The electric power from the batteries and the back EMF of 
the motor generate a braking torque to decelerate the 
vehicle. Electric energy and kinetic energy are transformed 
into heat in the motor. 

Fig. 12 shows the ON/OFF states of the six half-bridges 
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in normal driving and plug braking. Apparently, the 
ON/OFF states in plug braking are just opposite to those in 
normal driving. 

 

 
Fig. 12.  Normal driving and plug braking based            

on six-step commutation 
 
 

3.2  FOC electrical braking control  
As shown in Eq. (2), the motor torque is proportional to 

iq, so a braking torque can be generated by requesting a 
negative iq in FOC. Considering a steady operating state 
and id being zero, Eq. (1) can be rewritten as Eq. (6): 

 
d q q

q s q f

,
.

u L i
u R i

ω
ωψ

                  
(6) 

 
Fig. 13 shows the phasor diagram of the PMSM in FOC. 

Figs. 13(a), 13(b) and 13(c) correspond to normal driving, 
regenerative braking and plug braking modes respectively. 
The motor electromagnetic power Pem and the stator input 
power Pin can be expressed as in Eq. (7). A positive Pem 
corresponds to the driving mode, while a negative Pem 
corresponds to the braking mode. A positive Pin means that 
electric power is drawn out of the battery, while a negative 
Pin means that electric power is regenerated into the battery: 

 

 

em
q

in q

sin ,

cos ,

EUP
X

P Ui

θ

ϕ

                 

(7) 

 
where  Xq—Reactance in q-axis, 
 E—Back EMF, 
 U—Stator voltage, 
 θ—Load angle, 
 ϕ—Phase angle. 

 
Fig. 13.  Phasor diagram of PMSM in FOC 

 
In normal driving mode, U leads E by phase θ and the 

load angle θ is equal to the phase angle ϕ. This operating 
mode can be characterized by Eq. (8). Electric power is 
drawn out of the battery. Most of the power is transformed 
into electromagnetic power and some of it is transformed 
into losses (mainly copper loss in the stator winding). 

 

em in

0 , 0 ,
2 2

0, 0.P P

θ ϕπ π                    
(8) 

 

3.2.1  FOC regenerative braking 
Fig. 13(b) is the phasor diagram in regenerative braking 

mode. ud is in the opposite phase as in normal driving mode 
due to the negative iq, while uq is still in the same phase as 
in normal driving mode. As a result, U lags behind E by 
phase θ, and the phase angle ϕ is larger than π2, so Pin and 
Pem both are negative, as expressed in Eq. (9). This means 
electromagnetic power is trying to decelerate the motor and 
electric power is drawn into the battery. 

 

em in

0, ,
2 2

0, 0.P P

θ ϕπ π
π

                   
(9) 

 
Neglecting the mechanical loss, the mechanical braking 

power is equal to the electromagnetic power and the 
braking torque is equal to the electromagnetic torque. Then 
how the stator input power and the braking power change 
with the braking torque needs to be discussed. Since the 
braking torque is proportional to iq, braking torque is 
represented by iq in the following discussion. 

Eq. (7) can be rewritten as Eq. (10) according to the 
geometric relationship of the phasor diagram: 

 

em f q

in f s q q

,
( ) .

P i
P R i i

ψ ω
ωψ

               
(10) 

 
As indicated by Eq. (10), at a given motor speed the 

braking power is proportional to the braking torque, while 
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the regeneration power is a quadratic function of the 
braking torque as shown in Fig. 14. 

 

 
Fig. 14.  Regenerative power and electromagnetic 

power changes with iq 
 
With the increase of braking torque, iq becomes smaller 

(iq is negative) and phase angle ϕ decreases. As long as ϕ is 
larger than π2, Pin stays negative, which means that 
energy is restored in the battery. In order to stay in the 
regeneration braking mode, there is a minimum limit for iq 
where uq decreases to zero, so the minimum iq can be 
expressed in Eq. (11): 

 
f

q, min
s

.i
R
ωψ


             

(11) 

 
When maximum braking torque is generated, no electric 

energy is recovered, and all the kinetic energy is 
transformed into heat in the stator winding. Since the 
regenerative power is a quadratic function of iq, the 
maximum regenerative power is achieved at half of the 
maximum braking torque. 

At high speed, this minimum iq as in Eq. (11) could be 
neglected because of the limits of motor torque capacity 
and inverter power capacity. As shown in Fig. 15, the 
maximum braking torque is increases with the motor speed 
and it’s so large at high speed that it already goes beyond 
the inverter capacity, so this limit only needs to be taken 
into consideration at low speed. Attention should be paid 
when braking at low speed in order to stay in the 
regenerative braking zone. The braking torque where the 
most electric power could be recovered into the battery is 
also shown in Fig. 15. 

 

 
Fig. 15.  Limits of regenerative braking torque 

 

3.2.2  FOC plug braking 
At low speed, if a high braking torque is demanded, uq 

may be in the reverse phase, which makes the phase angle 
ϕ less than π2, as shown in Fig. 13(c). This means that the 
back EMF is not enough to generate the required braking 
torque and electric power is drawn out of the battery to 
assist the back EMF. Plug braking is also shown in Fig. 15 
as the area below the red curve.  

Plug braking mode can be characterized as in Eq. (12): 
 

em in

, 0 ,
2 2

0, 0.P P

θ ϕπ π
π

               
(12) 

 
4  Experiment Results 

 
The driving and braking control algorithms of PMSM are 

studied in experiments. The experiments are mainly carried 
out at the test bench where the dynamometer could function 
as a load to the motor or drive the motor when the motor is 
in braking mode. 

 
4.1  FOC driving control 

Fig. 16 shows the signals in a FOC startup process. As 
can be seen that, iq follows the target value very well and id 
is controlled to be near zero. Attention should be paid to the 
first electrical cycle of the startup where the rotor position 
value shows a step-climbing curve. As discussed in Fig. 6, 
during the accelerating process, the estimated speed lags 
behind the actual value, therefore the interpolated rotor 
position between Hall transitions cannot be well estimated. 
But both in dynamometer tests and vehicle tests, this 
position error proves to be not a big problem. Satisfactory 
performance can be achieved with this position estimation 
algorithm. It would be nice of course if the positioning 
accuracy could be further improved by some algorithm 
especially during the startup process. 

 

 
Fig. 16.  Startup of PMSM in FOC 

 
 

4.2  Braking control 
Braking control algorithms based on six-step 
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commutation and FOC are studied and compared in 
experiments in this section. The current signal is converted 
into voltage signals using a Hall current sensor and a 
sampling resistor, and then sent to the oscilloscope. A 
voltage of 1 V across the resistor corresponds to a current 
of 40 A. 

4.2.1  Six-step commutation regenerative braking 
The plug braking can be considered as six-step driving in 

the opposite direction and is not going to be discussed here. 
Only regenerative braking based on six-step commutation 
is presented in this section. 

The high-bridge commutation control is studied at first. 
Fig. 17 shows the phase current and battery current when 
the motor is running at 150 rmin and the duty cycle is set 
to be 64%. The blue curve and the purple curve represent 
the phase current and the battery current respectively. The 
slight positive value of the battery current is due to the 
static error of the oscilloscope. In this condition, no 
continuous phase current could be observed and the battery 
current is almost zero. A slight braking torque of 2.4 N • m 
is generated. In Fig. 18, the motor speed rises to 350 rmin 
and the duty cycle is kept unchanged. A braking torque of 
39.8 N • m and a regenerative current of 21.5 A are 
generated. 

 

 
Fig. 17.  Regenerative braking control of high-bridge 

commutation at 150 rmin 

 

 
Fig. 18.  Regenerative braking control of high-bridge 

commutation at 350 rmin 

 
Fig. 19 and Fig. 20 show the results of full-bridge 

commutation braking control in the same operating 

condition as in the high-bridge commutation braking. No 
continuous phase current can be observed and the battery 
current is almost zero at the speed of 150 rmin, and the 
braking torque is 2.4 N • m, which is also the same as in the 
high-bridge commutation braking. When the speed rises to 
350 rmin, a braking torque of 43.1 N • m and a 
regenerative current of 23.5 A are generated. 

 

 
Fig. 19.  Regenerative braking control of full-bridge 

commutation at 150 rmin 
 

 
Fig. 20.  Regenerative braking control of full-bridge 

commutation at 350 rmin 
 
Significant differences of the current shape between 

these two braking methods can be observed. In the 
high-bridge braking, the phase current is asymmetric. The 
positive current lasts for only 120 electrical degrees when 
the high bridge is ON, while the negative current lasts for 
almost 180 electrical degrees. In the full-bridge braking, the 
positive and negative currents both last for about 150 
electrical degrees. The phase current distribution of the 
full-bridge braking is more “even” compared to the 
high-bridge braking, and the battery current ripple is also 
smaller. 

4.2.2  FOC regenerative braking control 
FOC braking control is realized by requesting a negative 

iq corresponds to the braking torque demand. For 
comparison, the operating conditions are set to be close to 
the six-step commutation braking. 

Fig. 21 shows the phase current and battery current at the 
speed of 150 rmin and the braking torque is 2.4 N • m. 
Similarly, the phase current is not continuous and almost no 
regenerative current is available. The phase current shape is 
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quite similar to Fig. 19. 
 

 
Fig. 21.  Regenerative braking control of FOC at 150 rmin 
 
Fig. 22 shows the currents at the speed of 350 rmin and 

the braking torque is 43.4 N • m. A regenerative current of 
25.2 A is generated. The phase current shows a very good 
sinusoidal shape, and the battery current ripple is even 
smaller than full-bridge braking. 

 

 
Fig. 22.  Regenerative braking control of FOC at 350 rmin 
 

4.2.3  Comparison of regenerative braking algorithms 
A brief comparison between these three regenerative 

braking algorithms is made at the same operating point as 
in Table 1. 

 
Table 1.  Comparison of regenerative braking 

Braking 
algorithm 

Motor speed 
n(r • min–1) 

Braking 
torque 

T(N • m) 

Battery 
voltage 
UbatV 

Battery 
current 
IdcA 

Efficiency 
η% 

High-bridge 
commutation 

350 39.8 51.85 21.5 76.42 

Full-bridge 
commutation 

350 43.1 51.90 23.5 77.21 

FOC 350 43.4 51.95 25.2 82.30 

 
As can be seen from Table 1, FOC braking shows the 

best efficiency, while half-bridge is the worst. At the same 
motor speed and the same duty cycle, full-bridge braking 
can better explore the potential of the back EMFs and thus 
higher braking torque and higher efficiency are achieved, 
as discussed in section 3.1.1. A smooth regenerative current 
is realized by FOC braking, while the battery current ripple 

of half-bridge braking is the largest. Limited by the 
accuracy and band width of the torque sensor, the braking 
torque ripple cannot be measured, but it’s quite sure that 
torque ripple performance of FOC braking is the best and 
half-bridge braking is the worst, because the torque ripple 
can be indicated by the vibration and noise of the test 
bench.  

Another advantage of FOC braking is that the transition 
between regenerative braking mode and plug braking mode 
can be very smooth, as would be shown in the next section. 
From the above discussion, the decision is made to choose 
FOC braking as the braking algorithm for its advantages 
over six-step commutation braking. 

4.2.4  Regenerative braking and plug braking of FOC 
As discussed in section 3.2, the motor is running in 

regenerative braking mode when the braking torque is 
small. With the increase of braking torque, uq keeps 
decreasing. If uq turns negative, the motor is working in the 
plug braking mode. This mode transition is illustrated by 
Fig. 23. The motor is running at a constant speed of 150 
rmin. With the increase of the braking torque (iq 
decreases), the regenerative current firstly increases 
(battery current decreases) and then decrease back to zero. 
When the braking torque keeps increasing, the battery 
current goes positive, which means that the motor has 
turned from regenerative braking mode into plug braking 
mode. The curve shape of the battery current is analog to 
the regenerative power curve in Fig. 14. 

 

 
Fig. 23.  Braking control of FOC at 150 rmin 

 
In plug braking mode, the battery supplies power to the 

motor to generate the required braking torque together with 
the back EMFs. So the motor should avoid working in the 
plug braking mode if not urgently necessary. The vehicle 
control unit (VCU) should know the limit of regenerative 
braking and the maximum regenerative power at each 
operating point in order to make the right decision.  

 
5  Conclusions 

 
(1) FOC algorithm is developed for PMSM based on 

low-resolution Hall-effect sensors. The positioning 
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accuracy of the Hall sensors is improved by interpolation 
between two consecutive Hall signals using the estimated 
motor speed. 

(2) The positioning error from the misalignment of the 
Hall sensors is compensated by the precise calibration of 
Hall transition timing, which is crucial for the driving and 
braking control of the motor. 

(3) Two variants of the six-step commutation braking 
control are discussed in details. The full-bridge braking can 
better explore the potential of the back EMFs, thus can 
deliver higher efficiency and smaller current ripple than 
half-bridge braking. 

(4) The FOC braking is realized by requesting a negative 
iq according to the braking torque demand. The best 
efficiency and the smallest current ripple are achieved with 
FOC braking, compared with six-step commutation braking. 
As a result, FOC braking is chosen as the braking control 
algorithm for electric vehicles. 

(5) The FOC regenerative braking and plug braking are 
analyzed by using phasor diagrams. At a given motor speed, 
the motor can only stay in the regenerative zone if the 
braking torque doesn’t exceed a certain limit, which is 
proportional to the motor speed. If the braking torque 
exceeds this limit, the motor turns into plug braking mode. 
The braking torque at which the maximum regenerative 
power is generated is half of this limit. 

(6) The driving and braking control of PMSM is studied 
in experiments. The experiment results verify that the 
control algorithms can achieve good performances. 
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