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Abstract— High speed Permanent Magnet Synchronous
Motors (PMSM) are used in electrical vehicles because of their
strong power density. The high speed implies a big electromotive
force and requires flux-weakening. Usual control algorithms do
flux-weakening by adding negative I; current when the required
voltage by the current regulation exceeds the maximum voltage
depending on the battery. If the magnet can be totally defluxed
then it is better to use a Maximum Torque Per Volt (MTPV)
strategy. Furthermore there is no speed regulation in the control
and the driver gives a torque reference that has to be limited to
the reachable operating points; the battery power limit has to be
taken into account in addition to the voltage and current limits.
The d-q current reference are calculated to minimize the total
current magnitude required to reach the reference torque. This
paper presents a salient pole PMSM control that calculates the
minimum magnitude current references to obtain the reference
torque while respecting the voltage, current and power limits
with a flux-weakening strategy and including MTPYV operation in
a unified algorithm. The effectiveness of the proposed method is
observed through simulations.

Keywords—Flux-weakening, vector control, maximum torque
per volt, torque speed characteristic, high speed permanent magnet
synchronous motor.

I. INTRODUCTION

Electrical vehicles are the future of automobile because
they are environmental friendly, have low noise, and because
electrical motors have better efficiency than thermal motors,
and electricity energy is cheaper than fuel energy. Electrical
traction requires motors to have a high torque at low speed and
a wide speed range of constant power. The Permanent Magnet
Synchronous Motor (PMSM) is commonly used because it is
the electrical motor that has the best power density and
efficiency [1] and so is well adapt for embedded applications.
The volume and mass of a PMSM is proportional to its torque.
For congestion, mass and price reasons a smaller, lighter and
with less magnets motor is chosen. It has less torque but the
same power by operating at higher speed and by adapting the
gear the desired torque speed characteristic of electrical
traction is retrieved.

The motor is supplied by a battery trough a three phase
inverter. The control is performed in the Park d-q-frame. The
torque reference from the driver’s pedal is used to calculate the
d-q current references that are regulated by two polynomial

discrete corrector with a decoupling strategy and the
consideration of delays [2]. A Power Width Modulation
(PWM) strategy enables to generate the duty cycles for the
inverters phases. When the speed increases so does the
electromotive force of the machine, and because of the limit
voltage of the battery, from a certain speed it is necessary to
reduce the magnet flux perceived by the stator windings by
imposing negative /; current that will generate a flux opposite
to the magnet flux. It is called flux- weakening.

The literature presents several flux-weakening control
strategies [3 to 24] with [3,4,5] that are state of the arts of flux-
weakening techniques. We suggest to classify these strategies
in the following way: analytical direct calculation method
[6,7], direct open loop algorithm with experimental LUT
[8,9,10,11], Single Current Regulator (SCR) method
[12,13,14,4], torque and flux control method with Look Up
Tables (LUT) [15,16], Unified Direct Flux Vector Control
(UDFVQC) in the stator flux frame [17,18], and Vector Current
Control (VCC) [15, 19 to 25]. This last method is divided into:
regulation on the voltage magnitude [19,20,21,22,15],
regulation on the voltage error [15,23,4], regulation on the
current error [15,24], regulation on the duty cycle [15,25]. If
the magnet can be totally defluxed, i.e. the critical point is
within the current limit then a Maximum Torque Per Volt
strategy (MTPV) is required for flux-weakening [4 to 7, 12 to
14, 17 and 26 to 30]. Analytical direct open loop calculation
method [7,26,27], direct open loop experimental LUT
[28,4,5,6,7], SCR method [12,13,14] and UDFVC [17] enables
to do MTPV-flux-weakening. [29,30] uses VCC strategy
associated with MTPV but requires algorithm switching. The
open loop method with direct calculation from the motor
equations is very sensitive to parameters variation and is also
long to calculate in real time controls with torque references for
salient poles motors. LUT in open loop or Torque and Flux
Control (TFC) in closed loop is convenient for taking into
account the magnetic saturation of inductances but depend on
the motor and previous experimental sets have to be carried
out. The SCR avoids in voltage saturation operation the
competition between the classic d-axis and g-axis regulators
but the method requires to switch to another control algorithm
in low speed operation. The UDFVC is compatible for all
alternative current machines however the use of a flux observer
is necessary and the maximum load torque has to be find
experimentally which makes the method dependent on the
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motor. The classic flux-weakening is the VCC method.
Nevertheless in the current error regulation the Low Pass Filter
(LPF) impacts the control dynamic performances. The voltage
error regulation and the duty cycles regulation also uses LPF
with the same issues. They are also over modulation strategies
enabling to increase the maximum voltage available at the
expense of additional current harmonics. Lastly the voltage
norm regulation is the conventional approach that needs a
voltage maximum reference depending on the battery and the
PWM used and allowing also to over modulate. The control
developed in this paper is based on that approach.

The reachable operating points are dependent on the
maximum current and voltage and on the power of the battery.
In § II these limits are discusses and plotted in the torque speed
frame. The previous mentioned flux-weakening strategies
usually don’t take into account the power limit and only
consider the current and voltage limit. In this paper is presented
an algorithm to calculate the current references in the d-q frame
for salient-poles and smooth poles PMSM that respect the
different limitations and includes the MTPV area operation in a
same unified algorithm. The performance of the algorithm is
observed through simulations.

II. ACHIEVABLE OPERATING POINTS

A. PMSM model and electric limits

The PMSM’s electrical model equations are presented for
the voltage in (1) and (2) and for the torque in (3).

dl
Vo=RI+ L, =Ll )
dl, )
quR.Iq+qu+a).Lqu+a).¢f (2)
T=3plp.1 +L, L)1) (3)
_z'p'¢f'q (d q)dq

Where Vi, V, and 1, I, are respectively the voltage and
currents in the d-q frame, L; and L, the d-axis and g-axis
armature winding inductances, p the number of pair of poles,
o the electrical rotor angle velocity, R the resistance of the
armature winding, @ the flux linkage of the permanent
magnet, T the electromagnetic torque.

The maximum current /... (4) is the more constraining
current limit between the nominal current of the motor, the
nominal current of the inverter and the maximum current that
can deliver the battery (brought back on an equivalent motor

current).
JI I <T “)

The maximum voltage (5) depends on the voltage limit of
the battery and the pulse width modulation used; here a space
vector modulation (6).

2 2
N2 (3)

y Vo (©6)
max \/g
Where Vpcis the voltage of the battery.

At high speed the resistance is usually negligible in (1) and
(2). Thus the voltage limit can be written in steady state as (7).

LI < O

B. Torque Speed characteristic in electrical traction.

A reduced size salient poles PMSM is used for performing
the experiments and the simulations. The parameters are
displayed in Table 1. The vehicle application requires to have
high torque at low speed and a wide speed range at constant
power. On Fig. 1 is shown the maximum torque achievable
according to the speed and in nominal operation for different
control strategies. For Fig. 1 a smooth poles PMSM similar to
Table. 1 but with L, equal to L, is used.

25 T T T T T

Power limit 800W
= = = Powerlimit 1kW
= = = Voltage limit for flux-weakening
MTPV
---------- operating at Vmax and Imax
Torque max

Q I
o} 02

Speed (rpm) x104

Fig. 1. Torque-speed characteristics of the smooth pole PMSM from Table 1.

TABLE L IPMSM PARAMETERS

Reduced size salient pole PMSM parameters
R 097 Q
Ly 473 mH
Ly 577 mH
D 0.0345 Wb
p, number of pair of poles 5
Linax 8 A
Ve 200V
Power battery 1 1400 W
Power battery 2 1000 W

Close smooth pole PMSM used in some further simulations of the paper

La(=Lo) 577 mH
Power battery 1bis 1000 W
Power battery 2bis 800 W
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On Fig. 1 is plotted in blue-solid-line the maximum torque
at low speed that is given by the maximum torque per ampere
strategy with maximum current (8) and (9). The voltage limit is
not yet reached, thus the operating points below this torque
limit are imposed by the control with a strategy that minimizes
the current required for the reference torque in order to reduce
the losses. If this strategy is maintained when the speed
increases then when the voltage limit is reached it gives the
blue-dashed-line torque limit explicit in (12), and flux-
weakening will need to be done to reach operating points at
further speed. It is noticed that depending on the sizing of the
inverter the current limit, and thus the torque limit, can be
lower at speed near zero in steady state but that case is not
addressed in this paper. The MTPA expression in the torque-
speed frame is (3) with (8) and (9), with the torque reference
that is represented by its equivalent current norm Zom.

_ ¢/ - \/¢? + 8(Ld - Lq)2 Irfnrm
- 4(Ld - Lq)

Iq = Uljnrm - Idz (9)

Where I,om is the total current magnitude and depends on
the torque reference or the output of the speed regulation if one
is used. It is notice that for a smooth poles PMSM the classic
MTPA current references (10) and (11) are obtained.

I,=0 (10)

I, ®)

I =1 (an

qg ~ " norm

The expression of the voltage limit in the torque-speed
frame without flux-weakening for a smooth pole PMSM is (3)
with (10) and (12). For a salient poles PMSM the MTPA
strategy already adds some /; current and so the expression of
the torque depending on the speed and the voltage limit is (3)
with 1, solution of (22) and /, respecting (7).

2 2
Vmax _ ¢_f
L @ L

I =

q

(12)

q

On Fig. 1 is plotted in red-dotted-line the maximum torque
that can be achieved if the voltage limit and the current limit
are reached, explicit in (13), (14) and (15). When the speed
increases the electromotive force becomes more restrictive for
the voltage. To respect the voltage limit the flux perceived by
the stator winding has to be reduced. To do so a negative Iy
current is applied that creates a flux opposite to the magnet
flux, it is the flux-weakening. It can be noticed that the
operating points below this torque limit are imposed by the
controller with a classic flux-weakening algorithm (e.g. VCC)
that will follow the intersection between the current limit and
the voltage limit. It can also be notices that the torque-speed
characteristic is not really a constant power limit if only the
current and voltage limits defined in (4) and (7) are considered,

especially in the “top right corner” where the torque is high and
the voltage limit is just reached. The classic power limit is
more a battery limit or a mechanical requirement than a motor
electric limit.

For a smooth poles PMSM:

2 2 12 2 2712
_ Vmax - ¢f _an) Imax

1, (13)
2
2L, 079,
For a salient poles PMSM:
L2¢2_(L2 _LZ)(¢2+L212 _thax)
L4, P =\ TR Py T B T
d~ 2 2 2 (14)
L, - L, L, - L,
And:
1,=12 — 1] (15)

On Fig. 1 is plotted in red-solid-line the Maximum Torque
achievable Per Volt (MTPV) explicit in (16) and (17). This
requires that the magnet can be totally defluxed. It is possible if
the critical point is within the current limit. In that case this
strategy is the one that gives the highest torque at high speed.
The control strategy in § III presents a way to include MTPV in
a flux weakening method. Notice that in such case the speed is
theoretically not limited by the electrical limits. The MTPV
expression in the torque-speed frame is (3) with (16) and (17).

o)
Ya_y,
Q:J%—— (16)
d
Ja— (17)
" Lo

Where:

(18)

Vi=~\Voux Vs (19)

It is noticed that for a non-salient poles PMSM the MTPV
references become (20) and (21).
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Ld

I, = V @1
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On Fig. 1 is plotted in black-dashed-line and in cyan-
dashed-line two examples of power limits for the battery. For
the black-dashed-line case the power limit implies a torque
limit less constraining than the voltage or current limit and so is
not useful for the calculation of the reachable operating points.
For the cyan-dashed-line case the power limit is more
constraining that the voltage and current limits and so must be
taken into account in the control. It is noticed that many classic
control strategies only consider the voltage and current
limitations. The control strategy presented is the next chapter
shows a way to take into account all mentioned limitations to
calculate the current references.

III. FLUX WEAKENING STRATEGY

This chapter presents the control strategy that calculates the
current references in the d-q frame form the torque reference.
These current references are applied to the motor throw a
current regulation with a decoupling strategy [2]. Other control
strategies with high bandwidth can be used for the current
regulation, for example predictive control or optimal control.

On Fig. 2 is presented the scheme of the control. The
current regulation gives a voltage vector reference. The flux-
weakening control compares the norm of that voltage to the
voltage limit (6) and if it is superior to this limit then it
generates negative I, current reference to reduce flux seen by
the stator windings freeing a part of the voltage that can be

used to generate torque. The regulator can be calculated by
cascade method using the closed loop model of the current
regulation (depending on the current regulation used) and
positioning the flux-weakening bandwidth accordingly.
Nevertheless it is preferable that the flux-weakening regulation
dynamic is negligible in front of the mechanical mode and the
speed regulation loop if you add one.

The reference torque is limited by a mask (Fig. 2 Bloc 1) of
the achievable operating points presented in § II. It enable the
control to be sure to try to apply a feasible torque that respects
all limitation at every speeds.

Bloc 2 of Fig. 2 enables to calculate the d-current reference
that gives the minimum current norm to obtain the limited
reference torque, because losses depend mainly on the current
norm. For salient poles motors /; current can be calculated by
solving the equation (22) obtained by searching the minimal
current per torque.

AL, -L)T’
1L, = L) +I3(L, = L,)*3¢, + I53(L, = L)34; + 1,4 —# =

(22)

0

With the I, solution, /; is calculated from (3). It is notice that
for a smooth pole motor the solution is trivial (10) but it’s not
the case of the motor shown in Table 1.

Classic flux-weakening algorithms use MTPA (8) instead
of the minimum current per torque (22). If the power limit of
the battery is not constraining (c.f. § IT) then a speed regulation
can give a current magnitude that is divided in current
references on the d and g axis by MTPA. Nevertheless if the
power of the battery is constraining then it requires to have a
torque information in the control to limit it, or to have an
equivalent current norm limitation induced by the power

| norm

AW [ r v
Vnorm | ______________ - T
5 Bloc3 | 0
Vmax | R T = N Idref ¢
PI | » » Ea\Y;
/ A Vector Vdl |
| | lgref Control vV > dqg
| x | q ontro 91 5 abc
| lVa Vb|Ve
| 7 W Y
W e > mTpy  HdMTRy) -min(|Imax|, | laMTPV|) ~ldMinceT | | ld| la
I PWM
| x |
_____________ — 2 laalablac
Inverter
IdMinC PT dq
T Bloc 1 T Bloc2. | - abc
ref . ini
Torque limit Mask ,| Minimum Current | Bloc 4. | Y lebﬁa_"
(Pmax, Imax, Vmax) Per Torque | A4 | lc
(MinCPT) | 72 2 | L
max d |
|
! AR o 0
w T T/_ | PMSM
>3 | > v
| Ep(¢/'+(Ld7Lq)1d) | do
— W € —
e - - = | dt

Fig. 2 Scheme of the PMSM control, (where AW is an anti-windup structure).
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limitation that can be calculated by solving (22). To summarize
if the motor is at salient pole and that the reference is a torque
reference or that the power battery limit is constraining then
(22) has to be solved, otherwise (8) can be used as in [31].

If it is possible to inject an I, current that creates a flux that
totally counters the magnet flux then it frees all the voltage (c.f.
(1) and (2)) for generating torque and to follow the MTPV
trajectory (16) and (17). This improvement of the control
strategy is usually not taken into account in classic controls
because it is useful to increase the torque only at very high
speed and requires to totally flux-weaken the magnet. In the
control MTPV strategy is translated by the modification of the
torque limitation in Fig. 2 Bloc 1, and by creating a variable
saturation in the /; flux-weakening saturation. The Bloc 3 in
Fig. 2 limits the /s reference current by the more constraining
limit between the maximal current (4) that is constant and the /;
current required by the MTPV strategy (11) that shortens to the
critical point (1; =-®¢/Ly) when the speed increases [31].

The I, current reference is calculated in Bloc 4 Fig. 2 using
(3) with the knowledge of the /, reference after flux-weakening
and the torque limited reference. This Bloc 4 also ensures that
the final d-q current reference respects the current limit.

IV. SIMULATION RESULTS

The performance of the method is observed through a
simulation. The parameter used are shown in Table 1. The
torque reference is 1.90N.m and so less than the maximum
torque of 2.13N.m at low speed, to see the effect of flux-
weakening while operating under the current limit, and then
operating in both current and voltage limitations, when the
speed increases and more negative I current is required.

Fig. 3 shows the current reference trajectory in the I+/,
frame. In blue the current limit (4) that is a circle centered on
the origin of the frame and of radius the norm of the maximum
current. In green the voltage limit (7) that is an ellipse centered
on the critical point with its size that decreases when the speed
increases. In Dblue-circles the desired current reference

8 —
[T—e— desired trajectory T—
—k— classic flux-weakening

—+— flux-weakening + MTPV

7 | —<r— desired trajectory + 1KW battery
—P— flux-weakening + MTPV + power limit

Vmax, 20krpm |

Id (A) _

Fig. 3. I4-1s schceme of the currents references trajectories.

Sailent Poles PMSM - Torque reference 1.9N.m
T T T T T

Torque limit with 1kW battery
—©6— Torque limit
—¥— classic flux-weakening
—&— flux-weakening+MTPV
flux-weakening+MTPV+1kW limit

—~14r
=

12+

08 -

06

04t I I I I I I I I I
a 02 04 06 08 1 12 14 16 18 2

Speed (rpm) <104

Fig. 4 Torque obtained in steady state depending on the speed with a
reference of 1.9N.m for the salient-poles PMSM form Table 1.

trajectory in steady-state for an evolution of the speed
calculated analytically. These references respect the limitation
while generating the required torque with minimal magnitude
current at the given speed. The same in blue-triangles but with
a 1kW power battery that gives a power limit more
constraining than the current and voltage limit. In red-stars the
current reference given by a classic flux weakening algorithm
that only takes into account the current and voltage limit and
does not include a MTPV strategy in the control. It is notice
that the current references generated by this algorithm are
oversized at high speed and do not respect the battery power
limit. In red-crosses the current reference calculated by the
flux-weakening control presented in § 11, and the same in red-
triangles for a battery power limit of 1kW. One can notice that
this algorithm follows the desired current reference trajectory
whatever the speed and the constraining limitations. In

Smooth Poles PMSM - Torque reference 1.9N.m
T T T T

25 T T

Torque limit with 800W battery
—=o— Torque limit
—— classic flux-weakening
—&— flux-weakening+MTPV
flux-weakening+MTPV+800W limit

E
z
-
R,
NGRS o
* Jan=acl
CReg,
0.5 G og g
* N
*
*.
éﬁ\
Q I L I I I I I I L
a 02 04 06 08 1 12 14 16 18 2
Speed (rpm) %104

Fig. 5 Torque obtained in steady state depending on the speed with a
reference of 1.9N.m for the smooth-poles PMSM form Table 1.
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particular the cases when operating in MTPV area or power
limit are validated.

On Fig. 4 and Fig. 5 are shown the torque achieved in
steady state for different speeds with a reference torque of
1.90N.m smaller than the max torque a low speed. Fig. 4 is for
the salient PMSM of Table 1 and Fig. 5 is for a smooth pole
PMSM equivalent to the motor Table 1 but with L, equal to L.
In blue-circles the torque reference limitation depending on the
speed from § II and in cyan-triangles the same with a power
limit of 1kW for Fig. 4 and 800W for Fig. 5. In red-squares the
electrical torque generated with the control in Part III, and the
same in green-triangle but with a smaller battery with a more
constraining power (1kW for Fig. 4, and 800W for Fig. 5). It is
noticed that the power limit is respected if more constraining
than the other limits. In magenta-stars the torque generated
with classic flux-weakening when operating in both current and
voltage limit. It is notice that MTPV strategy improves
performances at high speed because it is not necessary to over-
flux-weaken. It is especially visible on Fig. 5 for the smooth
pole motor. For the salient poles motor the effect of the MTPV
strategy is less visible because the /; negative current for flux-
weakening also contributes to generate torque. Nevertheless if
it operates a higher speed the torque difference would be bigger
between flux-weakening strategy with MTPV and the classic
flux-weakening strategy. Finally the torque error observed in
flux-weakening operating between the torque limit and the
torque generated is due to the motor resistance that is neglected
for the calculation of the theoretical torque limits a high speed
and that is still impactful with the small scaled motor used in
this paper.

The Fig. 6 shows the time simulation results for a torque
reference of 1.9N.m for the salient poles PMSM with a 1400W
battery. The evolution of the d-g-current reference from the
flux-weakening strategy, the d-q-current, the electrical torque,
motor speed, the voltage norm and the current norm vs. time
are displayed. One can recognize the passage of the operating
point between the MinCPT area, the flux-weakening with only
voltage saturation, the flux-weakening with both saturation and
the MTPV area when the speed increases.

V. CONCLUSION

High speed PMSM are used in electrical vehicles because
they are lighter, smaller, and cheaper than other classic PMSM.
This paper presents a control algorithm in the d-q frame that
enables to drive these machines whatever their speed and that
ensures that the reference operating points respect de voltage
limit, the current limit and the battery power limit. The
reference torque is saturated by a mask that takes into account
the different limitations. The flux-weakening is carried out by a
regulation on the reference voltage given by the current
regulation and ensures that it doesn’t go over the voltage limit.
If the critical point is within the current limitation then the
MTPV strategy is required to maximize the torque achievable
at high speed with minimal current and respecting the voltage
limit. The MPTV is taken into account in the control by
modifying the current limit at high speed with the current
required for MTPV and so without needing to switch between
algorithms. Finally the performance of the proposed control is
observed trough simulations.

Idref
Id

6 Igref |
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Torque reference (N.m!
Torque (N.m)
speed (rpm! |
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///
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% - /‘ /
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/
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Fig. 6 Time simulation for the salient pole PMSM with a Torque reference
of 1.9 N.m. The evolution of the d-q-current reference, the d-q-current,
the torque, speed, the voltage norm and the current norm vs. time are
displayed.
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