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Design and Analysis of Electrical Braking Torque
Limit Trajectory for Regenerative Braking in Electric
Vehicles With PMSM Drive Systems

Kyoung-Min Choo

Abstract—In this article, an electrical braking torque limit tra-
jectory is designed to improve the regenerative braking of electric
vehicles based on a regenerative power analysis. Even though elec-
tric motors generally regenerate electric energy from kinetic en-
ergy, the drive system dissipates electric energy under certain low-
speed operation conditions. This phenomenon has been addressed
in many previous works and most of them compensate for this
power dissipation region by modifying the electrical braking torque
limit trajectory of the motor. However, the torque limit trajectory
has never been considered based on a regenerative power analysis
even though an inaccurate torque limit trajectory causes energy loss
to the drive system. In this article, the regenerative power analysis
for two major kinds of permanent magnet synchronous motor is
performed. Afterward, torque limit trajectories are set based on
this analysis so that batteries in electric vehicles can harvest the
maximum regenerative energy in any circumstance. To verify the
analysis and proposed torque limit trajectories, simulations and
experiments are performed.

Index Terms—Permanent magnet motors, synchronous motor
drives, traction motor drives.

I. INTRODUCTION

EGENERATIVE braking gives one of the key advantages
R of electric vehicles; the drive system stores kinetic energy
from the moving vehicle to the battery as electric energy for later
use. This regenerative feature allows the total driving distance of
electric vehicles to be extended. As the lack of power density in
the battery is widely considered as the main reason for modern
drivers’ hesitation to choose electric vehicles over conventional
internal combustion engine vehicles, extending driving distance
without increasing battery capacity is an important issue. Regen-
erative braking for electric vehicles has been studied in many
ways. In most of those studies, there is a common problem
that the power of the battery is actually dissipated during the
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regenerative braking in a certain region of low-speed operation
contrary to common sense. Since the regenerative energy during
low-speed operation is small, this phenomenon is ignored in
some of the studies. However, considering long driving times and
frequent braking, which is more realistic, this power dissipation
at low speed becomes a serious problem [1]. Also, since the
advantages of regenerative braking is significant in heavy stop-
and-go traffic [2], any improvement of low-speed regenerative
energy can directly improve driving distance in such conditions.
Generally, to solve the low-speed power dissipation problem, a
torque limit is set, as shown in Fig. 1, where the limit value is
constant in the high-speed region and decreases along with the
motor speed in the low-speed region. Since low-speed regenera-
tive energy is dependent on the region and slope of the limit
torque, previous research focused on defining the low-speed
power dissipation region so that it can be eliminated. In [1] and
[3]-[5], the motor speed point where the battery current starts
to get reversed is set as a low-speed boundary for the general
torque limit shown in Fig. 1 and is defined as the low-speed
cutoff point (LSCP) in [5]. As the name implies, regenerative
braking stops the vehicle by removing electrical braking torque
if the motor speed is lower than the LSCP. This method has
become very popular because it gives a simple and practical
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guideline to set the torque limit trajectory. In [6]-[10], the fact
that LSCP moves under certain conditions was discovered, and
regenerative braking methods with dynamic LSCP to maximize
regenerative energy were proposed. However, those previous
torque limiters based on LSCP could never achieve maximum re-
generative power as the analysis in Section II shows. Since most
low-speed power dissipation phenomenon, including LSCP, can
be explained by analysis based on models of electric motors,
it is also reasonable to set the torque limit trajectory using
them. In previous analysis, the low back electromotive force
(EMF) produced at low speed by the electric motor [11] and
the state-of-charge of the battery are blamed for the low-speed
power dissipation phenomenon [1]. Although the low power
conversion efficiency of the inverter from small back EMF and
battery copper loss may contribute to the slight decrements of the
regenerative power in low-speed region, they are not sufficient
to explain the power dissipation phenomenon. The author of [1]
implies that the power dissipation region would differ according
to the electric motor specification, which is true, but there was
no specific analysis. In [12], the difference of LSCP is analyzed
based on the environment the vehicle is in, such as wind speed
and road slope angle. However, the analysis is too complicated to
use just for compensation of LSCP, and LSCP is not dependent
on the environment. In [9], LSCP s set based on an electric motor
performance table to find the exact point for dynamic LSCP
so that it can achieve the best performance from the electrical
braking torque limit based on LSCP. In this electric motor
performance table, maximum values for regenerative power
appeared, but these maximum values were not used or mentioned
in [9] since the purpose of the table was only to find LSCPs.
Moreover, the proper analysis for LSCP was not performed
because the table was made based on simulation results. In [13]
and [14], regenerative power is analyzed for surface permanent
magnet synchronous motor (SPMSM) and interior permanent
magnet synchronous motor (IPMSM), respectively, which are
two kinds of electric motors and widely used for the traction
motors of electric vehicles because of their high power density
and efficiency. According to the analysis in these papers, the type
of electric motor, parameters of the motor, and electrical braking
torque all have something to do with the maximum points of
regenerative power, and, therefore, LSCP should be the same
achieving less regenerative energy than the maximum point.
Therefore, this article focuses not only on guidelines to design
the electrical braking torque limit based on parameters of the
motor but also correction of limitations of previous research are
presented based on the regenerative power analysis of permanent
magnet synchronous motors (PMSMs) given in [13] and [14].

II. REGENERATIVE POWER ANALYSIS FOR PMSMS

The braking force of electric vehicles consists of two torques:
Electrical braking torque and mechanical (friction) braking
torque. Since the rated torque of the electric motor is constant and
is not sufficient for the electric vehicles to stop in heavy-braking
situations, the mechanical torque from the friction braking sys-
tem is needed to ensure braking performance [15]. Therefore,
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the electrical braking torque from the motor will only achieve
maximum regenerative power at all operating speeds when the
mechanical torque is controlled to meet the braking torque
requirement. In this section, regenerative power is analyzed for
two kinds of PMSMs. Since PMSMs are widely used for the
traction motor of electric vehicles, it is reasonable to analyze
regenerative power based on their characteristics. Based on a
regenerative power analysis, the maximum regenerative power
and the maximum regenerative power point (MRPP) for a given
speed are calculated for each PMSM using the parameters of that
motors. Since the analysis of SPMSM is simpler, the regenera-
tive power analysis is given for SPMSM first, and the analysis
for IPMSM is presented based on this. Also, since the copper
loss takes the most of the total loss in low-speed operation [16],
the regenerative power analysis for low-speed torque limiters
only considers the copper loss in this section.

A. Regenerative Power Analysis for SPMSM at a Given Speed

Let us consider the synchronous reference frame voltage
equation of SPMSM given in the following equation:

vy R, + sLyg —Lgw, ¥ 0
= + (D

v Lw, Ry + sLyg ig wWedy

Q0

Since the dynamic power of the motor changes according
to speed if the electrical braking torque is constant, (1) can be
modified to (2), considering only an electrical steady state

vy R, —Lswe | |4 0
— + . (2)
ste Rs Zg We (bf

Based on (2), the electrical power flowing into the motor can
be calculated as follows:

3 e e
- §(Rszf + wepfil). 3)

To minimize the copper loss of the motor, the d-axis current
of SPMSM should be controlled to be zero and then the active
power of SPMSM results in two terms: copper loss, and the
dynamic power of the motor. Fig. 2 shows the active power plot
based on (3). Since the active power of SPMSM is a summation
of second- and first-order polynomials, which are copper loss
and dynamic power terms, respectively, it always has a minimum
or maximum point at any given speed. Since this point only
appears when the copper loss and dynamic power term have a
reverse polarity to each other, we can know from four-quadrant
operation that this point exists in regenerative braking, and,
therefore, there always exists a single g-axis current point, which
gives the maximum regenerative power for that motor speed.

Fig. 3 shows the active power plot of SPMSM for a
given speed. The current maximizing the regenerative power
for SPMSM, which will be called the MRPP current for
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Fig. 2. Active power variation of SPMSM according to g-axis current and
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given motor speed.

SPMSM(ig g, . ),cansimply be obtained based on the zero point
of the active power slope as in the following equations:

P, s 3 .
TS 2(9RiC + we 4
i 2( i+ Wedy) %)

dP, s . 3 .
—“'min — _ 2 o [ e — . 5
—dig 2( Rsig +wegy) =0 5)

Therefore, the MRPP current is calculated as follows:

. ¢ fw
ngsmm (we) == QR: : (6)
If the electrical speed of the motor is taken as a variable, shown
in (6), the current can be calculated based on the motor speed
since it is the only variable in the equation. In summary, the
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current of SPMSM can regenerate the maximum power when
the g-axis current is controlled to be the result of (6).

Additionally, the maximum regenerative power can be calcu-
lated by putting (6) into (3) as follows:

3 -e -e
PC,SMRPP = i(RSZq%SInin + we(bfzq,smin)
s (Gt
2\ 4R, 2R,
3¢?wg 7
— —S—RS.

Also, the exact location of LSCP that is popularly used in
conventional studies is shown in Fig. 3. Since the definition of
LSCP is the point that the battery current starts to get reversed,
the active power of the motor is zero at LSCP and there is an
infinite number of LSCP according to the speed of the motor,
but none of them gives better regenerative power than MRPP.

Therefore, regenerative braking based on LSCP could never
restore the maximum regenerative energy even if dynamic LSCP
is estimated without an error.

B. Regenerative Power Analysis for IPMSM for a Given Speed

To define MRPP currents for IPMSM, the same approach is
taken as in SPMSM. Equation (8) is the synchronous reference
frame voltage equation of IPMSM, and (9) is the same voltage
equation but considering a steady state only

(5] [Re+sLa —Lgwe | [i€ 0

= + ®)
_UZ_ L Lgwe Ry + SLq Zg weqﬁf
el [ B, —Lywe] [ig 0

= + : ©)
_US_ _dee RS Z; we¢f

Equations (8) and (9) are a little different from (1) and (2)
because the inductance of the d- and g-axes of the synchronous
reference frame are different for IPMSM. Using (9), the active
power of IPMSM can be calculated as in the following equation:

N

P, 1 = 5 (vgig + vgig)

3
— 5(Rszg? + Ryif? 4 (Lg — Lq)wiif + wedfif).
(10)

Since the d-axis current value cannot be assumed to be zero in
IPMSM because of the difference in inductance, two more terms
appear in (10) than in the result of (3), but the concept of active
power remains the same. The first two terms from the result in
(10) are copper loss terms and the last two terms represent the
dynamic power.

Fig. 4 shows the active power plot of IPMSM. Since there are
two variables for currents, the plot is 3-D, while the active power
plot for SPMSM is 2-D, as shown in Fig. 2. Although IPMSM
and SPMSM have different dimensions for the active power plot;
they both have a single minimum/maximum active power point
in regenerative braking operation for a given speed as shown in
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Figs. 3 and 5. However, the d-axis current has a certain value
only for IPMSM. To find the combination of currents that gives
maximum regenerative power for IPMSM, the gradient of (10)
is obtained as shown in (11), and the slope values are set to zero
in (12)

3;21 - ;(QRSiZ — Lyitwe + Laweil)

35;%—1 _ ;(21%52'; + Laigwe — Loweig +wedy) (1)
3P5_igm _ g(g Ryi§ — LyiSwe + Laweil) = 0
apgzgnm g(gRsiZ + Laigwe — Lqweig + wepy) = 0.

(12)
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Based on (12), the d-/g-current combination for MRPP can
be calculated as in the following equation:

(La — Lg)weiy
2R,
- (Ld — Lq)weis + we¢f
2R, '
To eliminate the cross-coupling component for both current
equations in (13), the g-axis current equation is put into the d-axis

current equation in (13) and vice versa, and then the result is as
shown in the following equation:

’ __ (La— Lo)widy
@t @) = TRr L, 1,072

ie (w ) _ _2ste¢f
el ST ARE Ly — Lo

ig(We,ig) = —

i (we, 19) = (13)

(14)

As you can see, the MRPP currents for IPMSM can also
be defined based on only the speed of the motor, and for each
speed, there is a single MRPP. Even though it looks complicated,
the calculation is very simple because each parameter, besides
speed, is constant. Also, the result of MRPP currents for IPMSM
shown in (14) is different from currents for SPMSM shown
in (6); the MRPP currents need to be generalized for all kind
of PMSMs to simplify the follow-up process. Since the only
difference between (14) and (6) are the inductance values, we
can try to put the characteristics of SPMSM into (14) as follows:

i‘eifjmin (we) |Ld:Lq - O - i(ei_smin (we)

— ¢fw€ — 4¢ ( e)-

- 2R ~ "q_Smin w (15)

ig_lman (w€)|Ld:Lq

Since the outcome of (15) is the same as the MRPP currents
for SPMSM, the MRPP currents for all types of PMSM can be
generalized by (14) as follows:

. . (La — Ly)wio
Zd,MRPP(We) = Y4 Imin (we) = IR2 — (qu_ 7 )J;wg
S q e

_2Rs e
iq MRPP(We) =g . (We) = Wedy .
q_ q_Imin 4R§ _ (Ld _ Lq)ng

(16)

Using the generalized MRPP currents, regenerative power can
also be generalized as in the following equation:

3
.e2 -e2
P vrep = §(Rsld,MRPP + Rsig MRrpp

€
+ werig MrPP

+ (La — Lg)wig mrppig mrpp)-  (17)

If you put the conditions from SPMSM(Lg4 = L) in(17), you
will get the same result as (7). Besides, in the case of IPMSM, the
LSCP is given as a line and not a point since there is an infinite
combination of currents that give an active power of zero for a
given motor speed, as shown in Fig. 5. However, there is only a
single LSCP the user can reach for a given speed that depends
on the torque control scheme used; this will be covered in the
next section.
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C. MRPP Torque Calculation

The generalized MRPP currents(ig yjgpp; % vrpp) 10 (16)
are clear and easy to implement, but, in the case of IPMSM,
if the magnitude of the current reaches the current limit, it
becomes hard to process because the d- and g-axis currents are
calculated separately. Also, since the electrical braking force is
normally given as a form of electrical braking torque reference
and the dynamics of the braking system are analyzed based on
the torque, it would be easier to implement and understand if the
MRPP is given as a torque value.

Fig. 6 shows the combination of MRPP currents of IPMSM
at a few different points of speed. As mentioned earlier, the
current for SPMSM is on the g-axis, but the MRPP currents for
IPMSM appear to be at a certain point on the maximum torque
per ampere (MTPA) curve. This is due to the same reason as the
SPMSM having the MRPP current in the g-axis, that is, to have
the maximum dynamic power with the minimum copper loss.
Therefore, the MRPP torque can be defined as a certain point on
the MTPA torque curve (T, pmrpp € TMTPA)-

Consequently, the electrical braking torque can simply be
calculated by putting those combinations of currents into the
torque equation for PMSM shown in the following equation:

T, = gg(¢fi3 + (La — Lq)igig)- (18)

In (18), only g-axis current is applied for SPMSM and current
combinations that match the MTPA torque are used for IPMSM.

Figs. 7 and 8 show the MTPA torque and power characteristic
of PMSMs for a given speed. In the case of SPMSM shown in
Fig. 7, the plot is similar to Fig. 3 because only g-axis current
decides the electrical braking torque. However, for IPMSM
shown in Fig. 8, the characteristics are much simpler than that
in Fig. 5 and, therefore, easier to implement and comprehend.
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Also, the LSCP is given as a single value of the torque for both
types of PMSMs in this figure, and it is obvious that neither
SPMSM nor IPMSM can ever reach the maximum regenerative
power.

To obtain a MRPP torque based on motor speed, the MRPP
currents from (16) are put into (18). Due to the differences in
characteristics of SPMSM and IPMSM, the MRPP torques are
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calculated separately as follows:

3
Te_MRPP(We)|Ld:Lq =~ 3R ¢ Pwe
3k§¢?P We
Te_MRPP(We)‘Ld#Lq == SR, (we i kb)2(we _ kzb)2

2R,
(wherekb I, L,,) . (19)
Figs. 9 and 10 show the MRPP torque and speed plot for
SPMSM and IPMSM. Since the MRPP torque for SPMSM is
proportional to the negative of speed in (19), the MRPP torque
decreases as speed increases, as shown in Fig. 9. However, as
shown in Fig. 10, the MRPP torque of IPMSM goes to infinity
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as speed increases and then becomes a large negative value past
a certain point. This implies that if the absolute value of the
motor speed exceeds the absolute value of &y (Jwe| > |kp)), the
physical meaning of the equation is changed from representing
the MRPP to having no physical real-world meaning. In other
words, the calculated MRPP torque for IPMSM is only valid
when k, < w, < —kp, and outside of these bounds (w, > —k;
and w, < kp), more electrical braking torque results in more
regenerative power because there is no maximum point for
regenerative power in these conditions, as shown in Fig. 11.

III. PROPOSED TORQUE LIMIT TRAJECTORY FOR
REGENERATIVE BRAKING

Based on the regenerative power analysis given in the previ-
ous section, electrical braking torque limiters are designed for
PMSM drives. To design the proper electrical braking torque
limit trajectory, two principles are followed.

1) The braking torque should not invade the motoring oper-

ation region.

2) Increases in electrical braking torque should only result in

increases of regenerative power.

The second principle can also be expressed by the following
equation:

>0, if we >0
dpP, (20)
dT.

<0, if w, <0.

Fig. 12 shows the MTPA torque and power characteristic
for IPMSM for the speeds given in Fig. 8, which includes the
characteristics of SPMSM as well, with the two principles above.
As shown in this figure, the torque values that regenerate power
to charge the battery are from zero to LSCP; if the torque has
any other values, power is dissipated. Also, since the slope of



13314
|:| Power dissipation region
|:] Regeneration region
200 T T T
150 |- :
Braking torque
limitation
>
100
50|
E
N e T T T e T T T e
o
2
5]
©
50f
100
-150 |
Motoring
—
200 1 1 1
-20 -15 -10 5 0 5
electrical braking torque [Nm]
Fig. 12.  IPMSM electrical braking torque limitation for a given speed.
[] Power dissipation region
["] Regeneration region
Braking I ! ( l’ ] I I Motoring
e i scP .
4 & MRPPiine 4/f/ LSChKie
WL \ dp, 4
. @

Te_rated

T it
ar,

Proposed SPMSM torque limiter

N
T
1

electrical braking toque [Nm]
2 =

I

I

I

I

I

1 ake =

1 dt, =0 i T Va
3F I \ | “lerated

1 ]

1 ; ™

I

[}

‘)

45 —We lim We lim ! ST
Motoring \ Braking ™
5 1 1 | ! b | 1
-400 -300 -200 -100 0 100 200 300 400
electrical motor speed [rad/s]
Fig. 13.  Proposed SPMSM torque limiter based on MRPP torque.

the power is changing according to the value of MRPP torque,
regenerative power increases along with the electrical braking
torque only if the absolute value of torque is smaller than the
MRPP torque in the regeneration region. Therefore, the electrical
braking torque should be limited from zero to the MRPP torque
to meet the requirements shown in Fig. 12.

A. Torque Limit Trajectory for SPMSM

In Fig. 13, the torque limit trajectory for SPMSM is presented
based on the MRPP torque equation, (19), for SPMSM and
the principles given above. As shown in this figure, the power
is dissipated in all motoring and braking operation where the
electrical braking torque exceeds the LSCP line. Also, the gra-
dient of the MRPP torque curve is changed in the regeneration
region if the torque exceeds the MRPP line. Therefore, during
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regenerative braking of the SPMSM drive, a limiter should
restrict the electrical braking torque from zero to the MRPP
line, as shown in Fig. 13, to maximize the performance of the
vehicle.

Additionally, since the calculated MRPP torque value in
high-speed operation could be so high that it makes the micro-
processor malfunction due to problems such as data overflow, it
is important to find the speed where MRPP torque reaches the
rated torque of the motor so that the MRPP torque calculation
can be disabled if the motor speed exceeds this value for secure
operation. This motor speed is called the limit speed (w_jim) in
this article and is shown in Fig. 13.

The limit speed for SPMSM can be calculated as shown in
(21) and (22) based on the MRPP torque equation, (19), for
SPMSM with the rated torque

Te_rated|Ld:Lq (21)

3
- ﬁ ¢?’Pw671im

SR,

- ?@TPTefrated . (22)

We lim —

B. Torque Limit Trajectory for IPMSM

Fig. 14 shows the torque limit trajectory based on the MRPP
torque for IPMSM from (19) and the two principles mentioned
above. In the same way as the limiter for SPMSM, power
dissipates in all motoring and braking operations when the
torque is above the LSCP line. Also, the gradient of the power
curve changes if the torque exceeds the MRPP torque in the
braking region. Even though the MRPP torque line for IPMSM
is not linear, there is no extra procedure required in this case as
the torque limit trajectories for both PMSMs are based on the
calculation presented in (19).

Since the MRPP torque for IPMSM goes to infinity as the
speed increases, it is essential for IPMSMs to identify the limit
speed and disable the MRPP torque calculation when the speed
exceeds it to prevent microprocessor malfunction. The limit
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Comparison between conventional and the proposed toque limiter for

speed for IPMSM can be calculated as follows.

T 3kl§¢?‘P We_lim
e_rated‘L(ﬁéLq - 8Rs  (We tim + k)% (We tim — kp)?
2R,
h ky = —— 23
(W ere, Ky Ld — Lq) (23)
kg2 P
w;{lim - ZkI%wgilim - mwejim + kl% =0. (24)

Even though there are multiple solutions to (24), only one
solution is valid and this solution gives the minimum absolute
value in the braking region of four-quadrant operation by con-
sidering the given rated torque (T ;ated)-

C. Torque Limiter Interpretation of Conventional LSCP-Based
Regenerative Braking

In the previous sections, it is consistently mentioned that
a torque limit based on LSCP could never achieve maximum
regenerative power and so torque limit trajectories proposed for
both PMSMs are based on MRPP instead. To make fair and
precise comparisons, the torque limit interpretation of a dynamic
LSCP-based regenerative braking technique is given at its peak
performance with the proposed torque limiter.

Fig. 15 shows a comparison between the proposed SPMSM
torque limiter and the torque limiter interpretation of a re-
generative braking technique based on dynamic LSCP. While
the proposed torque limiter follows the MRPP torque line in
low-speed operation, the torque limit trajectory for a conven-
tional torque limiter follows the LSCP line because the dynamic
LSCP used is assumed to be perfectly identified. In high-speed
operation, the operating speed is above the limit speed and the
proposed and conventional LSCP-based torque limiters have the
same performance since torque is limited to the rated torque
in this region and is the same for both approaches. However,
in low-speed operation, the speed is below the limit speed, so
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Fig. 16.  Block diagram of implementation of the proposed torque limiter.

conventional LSCP invades the region where increased braking
torque results in a decrease of regenerative power in the regener-
ation region. This causes less regenerative power to be harvested
with a conventional torque limiter during rapid braking since the
regenerative power is higher when less electrical braking torque
is used in this region. Therefore, even though the difference
of regenerative power between conventional and the proposed
torque limiter for one braking situation is not relatively high
because it occurs in low-speed operation, the total regenerative
energy difference would not be insignificant considering long
driving times, and the difference would be even more significant
in heavy stop-and-go traffic.

D. Implementation of the Proposed Torque Limiter

Fig. 16 shows the simple block diagram for the implementa-
tion of the proposed torque limiter. Since the proposed method
modifies the torque reference only, any conventional current
(torque) control method can be used as long as there is no steady-
state error. The torque reference is calculated by adding the driv-
ing and braking torques (7;,_g4 and T, ), and the proposed torque
limiter is only applied for the braking torque. For the proposed
torque limiter, the electrical motor speed with speed limiter is
used to make the torque limiter shown in Figs. 13 and 14.

However, as implied in (19), the proposed torque limiter is
highly dependent on motor parameters (Lg4q, ¢, R,). Since the
non-linear behavior of the motor is causing parameter variation,
it should be considered in real-world applications to maximize
the regenerative energy with the proposed torque limiter. Since
implementation based on 3-D lookup table (3-D-LUT), in which
index values are torque, speed, and temperature of the motor, is
the most popular parameter variation compensation method for
the MTPA torque control, in Fig. 17, the proposed braking torque
limiter implementation with 3-D-LUT based MTPA torque con-
troller is given as an example.

Since MRPP currents are always on the MTPA curve as shown
in Fig. 6, the output of the torque limit table can be the input
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of the MTPA table. In this way, the Ly, variation from the
saturation effect does not have to be considered in the torque
limit table since it is compensated in the MTPA table. However,
¢ and R, variation from the various operating temperatures
should be considered since MRPP currents can move back and
forth on the MTPA curve according to the operating temperature.
Therefore, additional 2-D-LUT, in which index values are speed
and temperature of the motor, should be made for torque limiter
table for the proposed braking torque limiter, and the torque limit
value written in the table can simply be the electrical braking
torque value that has the maximum regenerative power for the
corresponding speed and temperature of the motor. Although the
limit speed (w,_1im) 1S also changing according to the parameter
variation according to (22) and (24), calculation of we_jin, does
not have to be done in the table-based implementation because
the limit torque in the table cannot be an infinite value.

IV. SIMULATION

To verify the proposed braking torque limiter and its related
analysis in the previous sections, a MATLAB-based simulation
is performed. Table I shows the parameters of PMSMs used for
this simulation. Based on the given parameters, the proposed
torque limiter is built and its regenerative power is compared
with conventional regenerative braking methods.

Figs. 18 and 19 show the MATLAB-based simulation results
for PMSM drive systems without a low-speed torque limiter,
where the electrical braking torque is always limited to the
rated torque of the motor. For comparison, the initial rotor
speeds of the simulation for SPMSM and IPMSM are set to 500
and 2500 r/min, respectively. The electrical motor speeds for
these initial speeds are 262 and 1047 rad/s, respectively, which
are higher than the respective limit speeds of the motors, 201
and 883 rad/s, calculated by (22) and (24). Also, the braking
electrical torque values are set to the maximum values for the
corresponding braking method and motor parameters consid-
ering a rapid braking situation to visualize the differences of
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TABLE I
PARAMETERS OF PMSMs FOR SIMULATION AND EXPERIMENT

SPMSM
Rated power 0.75 [kW]
Rated speed 3000 [rpm]
Maximum speed 6000 [rpm]
Rated voltage 200 [V]
Rated torque (Te_rated) 249 [Nm]
Stator resistance (Rs) 1.0 [Q]
d-axis stator inductance (Ls) 2080 [nH]
g-axis stator inductance (L) 2080 [nH]
Number of poles 10
Rotor flux (¢) 0.056 [Wb]
IPMSM
Rated power 6 [kW]
Rated speed 4000 [rpm]
Maximum speed 10000 [rpm]
Rated voltage 200 [V]
Rated torque (Te_rqted) 14.2 [Nm]
Stator resistance (Rs) 0.6 [2]
d-axis stator inductance (Lg) 303 [pnH]
g-axis stator inductance (Lq) 907 [nH]
Number of poles 8
Rotor flux (¢) 0.046 [Wb]
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Fig. 18.  Simulation results of braking for SPMSM without low-speed electri-

cal torque limiter.

regenerative power and energy in one isolated braking situation.
Besides, since mechanical braking torque secures braking per-
formance, the mechanical braking torque should always make up
the difference between demanded torque and electrical braking
torque. In this simulation, external torque is added to imitate
this mechanical braking system and the mechanical torque is
shown in the torque waveform from Figs. 18 and 19 along
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Fig.19. Simulationresults of braking for IPMSM without low-speed electrical

torque limiter.

with the electrical braking and total torque. As shown in those
torque waveforms, the electrical braking torque values for both
PMSMs remains constant and results in active power dissipation
for PMSMs below the LSCP speed point. This phenomenon
causes energy loss from the battery, which is represented as an
increment of electrical energy to the motor in Figs. 18 and 19.
InFigs. 20 and 21, results from the simulated conventional dy-
namic LSCP-based regenerative braking are shown. The speed
profiles for both simulations are the same as the ones in Figs. 18
and 19, respectively, so it can be seen that the total braking torque
values are the same for both cases. Using this conventional
regenerative braking method, the torque values are controlled
from certain speeds so that the active power can never have a
positive value which indicates that power dissipation will occur
during regenerative braking. Therefore, the electrical energies
in Figs. 20 and 21 do not change if the torque values start to
be controlled, resulting in lower total electrical energies and
more regenerative energy than that for the conventional methods
shownin Figs. 18 and 19. The simulation results for the proposed
MRPP-based regenerative braking are shown in Figs. 22 and 23.
Since the maximum electrical braking torque of the PMSM is
controlled if the motor speed is below the limit speed in the
proposed braking method, the torque changes when the speed
decreases below 201 rad/s for SPMSM and below 883 rad/s for
IPMSM. Also, electrical torque values are controlled based on
the MRPP curves given in the previous section, and, therefore,
the LSCP points do not exist in the active power waveform unlike
for the other braking methods. In addition, the active power
in the proposed method is always a negative value and so is
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Fig.20.  Simulation results of conventional LSCP-based braking for SPMSM.
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Fig.21.  Simulation results of conventional LSCP-based braking for IPMSM.

regenerating energy for the whole speed range of the motor, and,
therefore, the total electrical energies of the proposed braking
methods are the smallest among all the braking methods and
achieve the maximum regenerative energy.
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Fig. 23.  Simulation results of the proposed MRPP-based braking for [IPMSM.

For proper comparison, the torque, active power, and electrical
energy of the discussed methods are compared for SPMSM and
IPMSM in Figs. 24 and 25, respectively.

For both SPMSM and IPMSM, the active power and electrical
energy of the proposed braking methods are the smallest even
though the braking torque is also the smallest. This is because
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Fig.24. Electrical braking torque, active power, and energy comparison of the
braking methods for SPMSM based on the simulation results.

the two conventional methods violate the second principle of
braking torque trajectory, given in Section III, and they are in the
region where an increase of braking torque results in a decrease
of regenerative power. This also explains why conventional
LSCP-based braking methods result in more regenerative power
and energy than braking methods without a low-speed torque
limit. Additionally, the total amount of regenerated energy for
IPMSM is bigger than that for SPMSM. The reason for this is that
IPMSM has longer braking times and bigger rated torque even
though stator resistance is smaller. In conclusion, the proposed
method is more effective for motor drive systems with high
inertia and rated torque, which perfectly matches the load and
motor characteristics of electric vehicles.

V. EXPERIMENTAL RESULTS

In this section, the implementation of the braking methods is
discussed and the experimental results are compared to simula-
tion results to find out whether they are consistent or not. Fig. 26
shows the overall experimental configuration. To simulate a
certain motor speed, motor—generator (M-G) sets are configured
for both SPMSM and IPMSM. Fig. 27 shows the detailed config-
uration of M-G set for [IPMSM shown in Fig. 26 from a different
angle. As shown in this figure, the torque transducer is connected
between the [IPMSM and the load motor to measure the electrical
torque. Also, the active power is calculated based on measured
phase currents of PMSMs and the output voltage of the inverter.
Since the simulation is based on parameters of actual PMSMs,
the parameters from Table I are used for this experiment. The
initial speed of the SPMSM is also kept at 500 r/min, but the
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trical torque limiter.

initial speed for IPMSM is adjusted to 1250 r/min because of
hardware limitations. For each PMSM, a load motor is connected
to the PMSM to control rotor speed, imitating the constant total
braking torque and high inertia condition of the simulation.
Figs. 28 and 29 show the experimental results of the braking
for PMSMs without low-speed torque limitation. The electrical
motor speed (w.), active power (F,), and the electrical braking
torque (7.) are captured and expressed as symbols. In the
results for SPMSM shown in Fig. 28, electrical speed of the
motor decreases from 262 rad/s, 500 r/min rotor speed, and the
electrical braking torque does not change from the rated torque
until the motor is stopped. Since the actual inertia of the coupled
motor and load in the hardware of SPMSM is very small, there
are small oscillations of the speed of the motor, and the speed
momentarily changes when electrical braking torque decreases
rapidly. However, this phenomenon does not affect the results
much and the results are very similar to the simulation results
shown in Fig. 18. The experimental results for [IPMSM, shown in
Fig. 29, seem a bit different from the simulation results, shown in
Fig. 19, because the initial speed of the experiment is half that of
the simulation. Therefore, the experimental results for IPMSM
should be compared with half the simulation results for proper
comparison, and when it is done, the results are very similar.
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In Figs. 30 and 31, a conventional LSCP-based braking
method is implemented and tested for PMSMs. Since the motor
speed is controlled by the load motor, the speed profiles for both
SPMSM and IPMSM are the same no matter which braking
method is used. Using this braking method for both PMSMs,
the absolute value of the electrical braking torque starts to
decrease preventing the active power having a positive value.
These results are very similar to the simulation results for
conventional LSCP-based braking shown in Figs. 20 and 21.
Also, in the results for SPMSM shown in Fig. 30, there is no
instantaneous speed change when electrical braking torque is
controlled because the torque is gradually decreasing.

The experimental results for the implementation of the pro-
posed MRPP-based braking method is shown in Figs. 32 and
33. As shown in these figures, the torque values are controlled
according to their respective MRPP curves causing negative
active power to come from the motor for all speeds until the
motor is stopped. Since the initial electrical motor speed for
IPMSM is 524 rad/s in the experiment, which is smaller than the
limit speed of 883 rad/s for IPMSM, the electrical torque of the
proposed method for IPMSM is controlled from the beginning,
as shown in Fig. 33. Except for this difference, the results of the
proposed braking method are the same as those for the simulation
shown in Figs. 22 and 23, resulting in maximum regenerative
power being achieved.
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Fig. 34.  Electrical braking torque and active power comparison of braking
methods for SPMSM based on experimental results.

Using the memory function of the oscilloscope, the electrical
braking torque and active power of the three aforementioned
braking methods are compared for SPMSM and IPMSM as
shown in Figs. 34 and 35. Since the memory is limited and the
speed of the motor is almost the same no matter what braking
method is used because of the speed-controlling load, the speeds
are eliminated in this comparison. In this case, the experimental
results are similar to the comparison in the simulation shown
in Figs. 24 and 25. The proposed method achieves the highest
regenerative power with the smallest braking torque, while
the difference in active power is more significant for [IPMSM
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Fig. 35. Electrical braking torque and active power comparison of braking
methods for [IPMSM based on experimental results.

than SPMSM due to the difference in rated torque. However,
unlike the simulation, the torque values and powers for IPMSM
between the proposed method and the two other conventional
methods are different to begin with because the initial speed of
the motor is below the limit speed, and, for the proposed method,
the torque follows the MRPP curve maximizing the regenerative
power as mentioned earlier.

VI. CONCLUSION

In this article, a regenerative braking method based on the
low-speed torque limit trajectory according to the MRPP curve
is proposed. The proposed braking method is analyzed based on
models of common motors along with a conventional LSCP-
based method for comparison. As shown by simulation and
experimental results, the proposed method regenerates more
power with less electrical braking torque resulting in harvesting
the maximum available regenerative power for the battery. Also,
since this proposed braking method is only based on models for
PMSMs, it can be implemented not only in electric vehicles but
also in lots of other industrial applications such as flywheels or
wind energy conversion systems. However, the proposed method
is vulnerable to parameter variation of the motor because the
proposed method is based on these parameters. Although the
conventional table-based method was introduced in Section III
to overcome inaccuracies caused by parameter variation, making
a multi-dimensional table not only requires additional sensors
and testing devices but also is a very time-consuming process.
Therefore, further consideration and studies are required to
compensate for the inaccuracy from the parameter variation
more effectively.
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