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Abstract: This paper deals with a parameter set up of a PI-regulator to be applied in a system for permanent magnet three-phase
synchronous motors to obtain a smooth tracking dynamics even though a chopper control structure is included in the drive. High
performance application of permanent magnet synchronous motors (PMSM) is increasing. In particular, application in electrical
vehicles is used very much. The technique uses a geometric decoupling procedure and a Lyapunov approach to perform a PWM
control to be used as a chopper. Chopper control structures are very popular because they are very cheap and easy to be realise.
Nevertheless, using a chopper control structure smooth tracking dynamics could be difficult to obtain without increasing the
switching frequency because of the discontinuity of the control signals. No smooth tracking dynamics lead to a not comfortable
travel effect for the passengers of an electrical vehicle or, more in general, it could be difficult to generate an efficient motion
planning if the tracking dynamics are not smooth. This paper presents a technique to minimise these undesired effects. The presented
technique is generally applicable and could be used for other types of electrical motors, as well as for other dynamic systems with
nonlinear model structure. Through simulations of a synchronous motor used in automotive applications, this paper verifies the

effectiveness of the proposed method and discusses the limits of the results.
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1 Introduction

As the high field strength neodymium-iron-boron (NdFeB)
magnets become commercially available with affordable
prices. PMSMs are receiving increasing attention due to
their high speed, high power density and high efficiency,
These characteristics are very favorable in some special
high performance applications, e.g. robotics, aerospace, and
electric ship propulsion systems [1], [2]. Permanent magnet
synchronous motors (PMSMs) as traction motors are com-
mon in electric or hybrid road vehicles. For rail vehicles,
PMSMs as traction motors are not widely used yet. Although
the traction PMSM can bring many advantages, just a few
prototypes of vehicles were built and tested. The next two
new prototypes of rail vehicles with traction PMSMs were
presented on InnoTrans fair in Berlin 2008 Alstom AGV
high speed train and skoda Transportation low floor tram 15T
ForCity. Advantages of PMSM are well known. The greatest
advantage is low volume of the PMSM in comparison with
other types of motors. It makes a direct drive of wheels
possible. On the other hand, the traction drive with PMSM
has to meet special requirements typical for overhead line
fed vehicles. The drives and specially their control should
be robust to wide overhead line voltage tolerance (typically
from —30% to +20% ), voltage surges and input filter
oscillations. These aspects may cause problems during flux
weakening operation. There are several reasons to use flux
weakening operation of a traction drive. The typical reason
is constant power operation in a wide speed range and
reaching nominal power during low speed (commonly 1/3
of maximum speed). In the case of common traction, motors
like asynchronous or dc motors, it is possible to reach the
constant power region using flux weakening. This is also
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possible for traction PMSM, however, problem with high
back electromagnetic force (EMF) rises. In [3] it is shown
how using a flux weakening control strategy for PMSM a
prediction control structure improves the dynamic perfor-
mance of traditional feedback control strategies in terms, for
instance, of overshoot and rising time. To realise an effective
prediction control, it is known that an accurate knowledge
of the model and its parameters is necessary. To achieve the
desired system performance, advanced control systems are

usually required to provide fast and accurate response, quick
disturbance recovery, and parameter variations insensitivity

[4]. In [3] it is shown how using a flux weakening control
strategy for PMSM a prediction control structure improves
the dynamic performance of traditional feedback control
strategies in terms, for instance, of overshoot and rising
time. To realise an effective prediction control, it is known
that an accurate knowledge of the model and its parameters
is necessary. In [5] an identification technique is shown to
detect parameters such as %, Lgq, and @ of the PMSM. In
the existing applications chopper control structures are very
popular because they are very cheap and easy to realise.
Nevertheless, using a chopper control structure smooth track-
ing dynamics could be difficult to obtain without increasing
the switching frequency because of the discontinuity of the
control signals. No smooth tracking dynamics lead to a not
comfortable travel effect for the passengers of the electrical
vehicle. This paper deals with a parameter set up of a PI
regulator to be applied in an system for a permanent magnet
three-phase synchronous motors to obtain a smooth tracking
dynamics even though a chopper control structure is included
in the drive. The paper is organized in the following way.
In Section II a sketch of the model of the synchronous
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motor and its behaviour are given. Section III is devoted to
derive a decoupling controller which will be used to calculate
parameters K, and K; of the controller with Lyapunov
approach. Section V shows simulation results using real data.
The conclusions close the paper.

2 Mode and Behavior of a Synchronous
M otor

To aid advanced controller design for PMSM, it is very
important to obtain an appropriate model of the motor. A
good model should not only be an accurate representation of
system dynamics but also facilitate the application of existing
control techniques. Among a variety of models presented
in the literature, since the introduction of PMSM, the two
axis dg-model obtained using Parks transformation is the
most widely used in variable speed PMSM drive control
applications, see [4] and [6]. The Park’s dq-transformation
is a coordinate transformation that converts the three-phase
stationary variables into variables in a rotating coordinate
system. In dg-transformation, the rotating coordinate is de-
fined relative to a stationary reference angle as illustrated in
Fig. 1. The dg-model is considered in this work and Park’s
transformation is reported in Eqs. (1) and (2) as it can be
seen below.

Fig. 1.

Park’s transformation for the motor
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The dynamic model of the synchronous motor in d-g-
coordinates can be represented as follows:

i B L, .
yr el I s R ) 0],
dzglt(t) _Igs _fzwel t) Zq(t)

1

Lg

0

(
" 0
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M, = gp{q)iq(f) +(La = Loia(t)ig(H)}. @)

and

In (3) and (4), i4(t), iq(t), ua(t) and u,(t) are the dg-
components of the stator currents and voltages in syn-
chronously rotating rotor reference frame; we;(t) is the rotor
electrical angular speed; parameters Ry, Lq, L, ® and p
are the stator resistance, d-axis and g-axis inductance, the
amplitude of the permanent magnet flux linkage, and p the
number of couples of permanent magnets, respectively. At
the end with M,,, the motor torque is indicated. Considering
a isotropic motor for that Ly ~ L, = Lgq, it follows:

di;t(t) _ —L’;; wer(t) { z:d(t) }_{_
dt _Ldsq ba

diglt) wer(t) (t)

L 0 0
Lag ud(t) :| _
[ 0 [uqa) Pt

and
3 .
M, = §p<I>zq(t) (6)
with the following movement equation:
dwmec(t
M,, — M, = j=meel) d;C( ), (7)

where pwecn (t) = wei(t) and M, is an unknown mechan-
ical load.

3 Structure of the Decoupling Controller

To achieve a decoupled structure of the system described
in Eq. (5) a matrix F is to be calculated such that:

(A +BF)V CV, )
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where u = Fx is a state feedback with u = [ug,u,]” and
— i, T
x = [ig,iq]"

R 1
- w l(t) 0
A:[ Poa ,B=| " |9
_Ldaq wel(t) 0 qu
and V = im([1,0]7) is a controlled invariant subspace.

Concerning the meaning of relation (A + BF)Y C V,
it is to remark that state feedback matrix F transforms
V = im([1,0]T), which is a controlled invariant subspace,
in an invariant subspace. This practically means that current
i4(t) does not influence current ¢,(¢) and thus the system is
decoupled. More explicitly it follows:

ol m b | 0 = E0 )

then, according to [7], the decoupling of the dynamics is
obtained considering the following relationship:

Rs
. T Lg. Wel (t)
m 1 +
( [ - é{;q Wel (t)
1
0 F, F 1 1
: La 11 12 .
im a Cim ,
([ 0 Liq |:F21 F22:||:0 - 0
(10)
where parameters F'q, Fio, Fo1, and Fbo are to be calculated
in order to guarantee condition (10) and a suitable dynamics

for sake of estimation, as it will be explained in the next.
Condition (10) is guaranteed if:

Fy = R;. an

After decoupling the second equations of the system repre-
sented in (5) becomes as follows:

di,(t t
0 — wa0igle) + 2. (12)

4 A Lyapunov Approach to set the PI
Controller Parameters

Considering the following PI controller

t
Ue (t) = Kp (wmecd —Wmec (t)) +K; (wmecd —Wmec (t))dT,
0 (13)
if Wpec, 18 a constant, it follows that

Quc(t) Owmee(t)
81& - KpT + Kz(wmecd wmec(t))7 (14)
Eq. (12) can be written in the following way:
) 1 dig(t) = ug(t)
t) = - 0. 1
Zq( ) wel(t)( dt + qu ) ( 5)

Combining Egs. (6) and (15), then the following expression
is obtained:

31 dig(t) | ug()
My, = Spo ( T ) (16)
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If Eq. (16) is inserted into Eq. (7), then the following relation
is obtained:
3 1 dig(t) uq(t)> Awmec(t)
2 — My =J—=. (17
(- e L, a1

2p Wel (t)

In order to set up parameters K, and Ky of the controller,
the following Lyapunov function is chosen:

1
V£ (wmec(t)) - i(wmecd (t) - Wmec(t))2~ (18)
Considering the derivative of (18), then it must hold:
Welmeel®) _ (e, (1) ~ womeelt) 2l <
(19)
From Eq.(17) it follows that:
avﬁ (Wmec(t)) _ (wmecd (t) - w’mec(t)) %
ot J
3 1 dig(t) = ug(t)
—pd S d —My). (2
(2p wel(t)( ait L, ) ) 20)

Considering the expression in (14), Eq. (20) becomes as
follows:

Kp Owmec(t Ouc(t
Ve (wmee() (&% ® 4 ue®) L) )
ot J
3 1 dig(t) = ug(t)
5p® - . - 7Mw <0. 21
<2p wel(t)< dt + qu> )—0 (21)
If
6wmec(t)
— 2 22
ot =0 (22)
and
Ou.(t)
= 2
o = (23)

condition (21) is guaranteed V K}, > 0 and V K; > 0.
Remark 1: Condition (22) should be guaranteed with a
suitable choice of the parameters of the controller. This
condition states a monotonic dynamics and thus a dynamics
of the motor without oscillations. In automotive field, this
condition is an ideal one for optimality of the electrical
driver comsuption and comfort of the passengers. |

A. A monotonic dynamics
To show under which conditions the following relation
Owmee(t)
ot
holds, let consider PI controller defined by Eq. (14) which
can be rewritten in the following way:
Ou(t) Owmec(t)
ot ot
Choosing K, and K; big enough, it is possible to consider

Au(t) _ Oomec(t)
o << Kilwmees = wimee(t)) = Kp—5=—

The following condition must hold:

>0 (24)

+ Ki(wmecd - wmec(t)) - Kp Z 0. (25)

(26)

Owmec(t) >0

Ki(wmecd - wmec(t)) - KP ot =

27
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which it is equivalent to prove that:
OWmec(t)
ot

Considering the solution of the following differential equa-
tion, then:

Kp + Kiwmec(t) > Kiwmecd- (28)

Owmee(t)

Ky =D - K wmee() = 0, (29)
then it must be:
K
Wmec(t> = wmec(o)eirpt > Kiwmecd7 (30)

then the following final general condition is obtained:

mec 0
K < “—()Kp. 31
Wimecq
Concerning assumption (23):
Ou(t)
>0 32
5% 2V (32)
let us consider Eq. (14) in which wyy.., is a constant, then:
Ou(t) OWmec(t)
_Ki_ mect:K—ZO. 33
Considering that it should be guaranteed aua;t(t) > 0, then:
OWmec(t
_pra—;c() + Ki(wmecd - wmec<t)) Z 07
which it is equivalent to proof that:
ow t
Kp%() + Kiwmec(t) < Kiwmecda (34)
Considering the solution of
8 mec t
KPWT() + Kiwmec(t) =0, (35)
then it must be:
Ow t Ky w
—’g?( )= b0 R < S D
From Eq. (36) a boundary condition on K; is obtained:
K;, > WLC(O) K,. 37)
Wimecy
Combining condition (31) with (37), the final sufficient
condition on parameters K, and K; is obtained:
K; = Wmee® (38)
Wiecy

5 Simulation Results

Simulations have been carried out using a special stand
with a 58 kW traction PMSM. The stand consists of PMSM,
tram wheel and continuous rail. The PMSM is a prototype
for low floor trams. PMSM parameters: nominal power
58 kW, nominal torque 852 Nm, nominal speed 650 rpm,
nominal phase current 122 A and number of poles 44. Model
parameters: R = 0.08723 Ohm, Lg; = Ld = Lg = 0.8
mH, & = 0.167 Wb. Surface mounted NdBFe magnets are
used in PMSM. Advantage of these magnets is inductance
up to 1.2 T, but theirs disadvantage is corrosion. The PMSM
was designed to meet B curve requirements. The stand was
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Fig. 2. Simulink structure of the whole control system
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Fig. 3. PWM-Simulink-Block

loaded by an asynchronous motor. The engine has parameters
as follows: nominal power 55 kW, nominal voltage 380
V and nominal speed 589 rpm. In Fig. 2 the complete
control scheme is shown. In this Simulink block diagram
the transformed dqg-observer is indicated together with Park
and inverse Park transformation. PWM frequency equals
100kHz and the structure of the simulink PWM block is
shown in Fig. 3. Figure 4 shows the obtained and desired
motor velocity profiles. Figure 5 shows the obtained and
desired motor acceleration profiles. From these two results
it is possible to remark that the effect of the chopper control
is visible which does not allow the tracking to be precise.
In particular, according to the theoretical condition Fwmee(t)
the result should not present oscillation. Because of the
realisation of the controller using a chopper which consists of
discontinuous signals this is structurally not possible. Figure
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Fig. 4. Profile of the obtained and desired motor velocity using a maximal
switching chopper frequency equals 2.5kHz
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Fig. 5. Profile of the obtained and desired motor acceleration using a

maximal switching chopper frequency equals 2.5kHz

6 shows PWM signal sequence with the maximal chopper
switching frequency equals 2.5kHz. Fig. 7 shows the chopper
effect on the input of the motor.

6 Conclusionsand Future Works

This paper deals with a PI-controller set up for a three-
phase synchronous motors. The technique uses a decou-
pling procedure. A Lyapunov approach is used to calculate
parameters K, and K; to obtain soft velocity variation.
It is generally applicable for other dynamic systems with
similar nonlinear model structure. Through simulations of
a synchronous motor used in automotive applications, this
paper verifies the effectiveness of the proposed method, the
found theoretical and the simulation results. Future work
includes the calculation of the optimal value of parameter
K.

E-ISSN: 2224-266X

115

Paolo Mercorelli

PWM control signal
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Fig. 6. PWM signal used as a chopper with a maximal switching frequency
equals 2.5kHz

Three-phase control signals using PWM as a chopper

1 I

y W

00| u B

3004 0.002 0004 0.006 0.008_ 0.01
Time (sec.)

0.012 0014 0.016 0.018 0.02

Fig. 7. Three-phase control signals after the chopper controller using a
PWM singnal with a maximal switching frequency equals 2.5kHz
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