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Abstract—In this paper the optima control strategy for
Permanent Magnet Synchronous Motor (PMSM) based drive system
is presented. The designed full optimal control is available for speed
operating range up to base speed. The optimal voltage space-vector
assures input energy reduction and stator loss minimization,
maintaining the output energy in the same limits with the
conventional PMSM dlectrical drive. The optimal control with three
components is based on the energetically criteria and it is applicable
in numerica version, being a nonrecursive solution. The simulation
results confirm the increased efficiency of the optimal PMSM drive.
The properties of the optimal voltage space vector are shown.
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|. INTRODUCTION

T is well known that the PMSM is a high efficient electric

motor, but in the transient behavior, as starting, stopping or
reversing, the efficiency of the energy conversion is
diminished down to avalues smaller than 60 percent, whilein
the dtationary state it is greater. In order to improve the
performances in industry applications, with often dynamic
regimes, an optimal control is proposed by using linear
quadratic criteria. In the motion control area (metallurgical
rolling mills, robotics, manipulators, €evators, escaators) the
obtained solution of the optimal control proves to be very
adequate, increasing the working period of the electrical drives
by decreasing the copper losses in the stator windings of the
PMSM.

The optimal control of the three phase surface permanent
magnet synchronous machine (PMSM)-as it is presented in
this paper-uses a different strategy besides those already
offered by the technical literature [1]-[6]. The energetically
optimization techniques are classified in accordance with the
control principles that are used: single state variable control
(the control variable is chosen such as it leads either to the
input power minimization by using power factor control [1],
or to the motor losses minimization through the dlip control
[2], model based control [3], [4], and search control [5], [6].
From the point of view of the optimal control theory there are
presented both the stationary optimization methods and the
dynamic optimization ones. The proposed optima vector
control assures energy minimization by using the feedback
component, zero steady state by its forcing component and
fast compensation of the load through its feedforward
compensating component. The proposed optima control
objectives are: smooth response without overshoot; the load
torque compensation, and the input energy minimization.
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As it is nonrecursive, determined on the basis of variational
methods, the optimal solution is caculated on-line (to the
current time), without memorizing this from the final time to
the initia time, as in off-line case where the optima control
solution is based on the recursive method. In this way, the
nonrecursive solution can be implemented to any type of
electric motor, to usua electrica drive application, for any
operating dynamic regimes, with any variation form of the
load torque.

II.PROBLEM FORMULATION

The formulation of the optimal control problem supposes:
1) the mathematical model of the three-phase PMSM; 2)
defining the performance functiona criteria such that the
objectives of the optimal control to be attained.

A. Mathematical model of the PMSM

The PMSM mathematicd model is derived from the
classica d, g mathematica model of the Synchronous motor
with Round Rotor, taking into account that the excitation is
provided by the permanent magnet, and the damper windings
not exist [7]. By introducing the decoupling terms between d
and ¢ axes to the stator voltage usy and us, their inter-
influence can be compensated. In this manner, the direct-axis
stator current iss, and the quadrature-axis stator current is; can
be independently controlled.

Taking into consideration the rotor surface mounted
permanent magnet synchronous motor (SMPMSM) (Lg=Lg),

and consideringi,(t) =0, the mathematicd model of the
PMSM in d,q reference frameis presented:
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0
or in compact form:
x(t) = Ax(t) + Bu(t) + Gw(t) )

where:

iy — Transversal stator current component in synchronously
d,q coordinate system

R; - Stator phase resistance

Ly= L=Ls - Stator phase inductance d, g axes are equal

Usqq - Stator voltages in d,q coordinate system

- Angular speed

J - Moment of inertia
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6 - Rotor position angle

¥, - Permanent magnet flux
p - Number of poles pairs,
m-load torque

F - Viscous friction force

where the matrixR=[r] degenerated in a scalar value,
determines the transfer from the initial state ithte final state
with minimal control effort; this has as its conseqgce the
minimizing of the input energy.

By choosing weighting matrices

x(t), u(t), and w(t) are the state, the control and the

perturbation vectors.

The rotor field oriented PMSM is controlled at ctam
flux, the optimal control generates the voltagetoanof the
Space Vector Pulse Width Modulator.

B. The performance functional quadratic criteria

The performance functional quadratic criteria [8asw
chosen in order to assure a good behavior in gahstate
without oscillations of the anglg, and for reaching the
stationary state without overshoot

]:%[x(tl)_xl]T S[x(tl)_xl]

+% jof T ()Qx(t) +u (Ru()}t ®)

in which the final free state ix(t,)and the required final

@,
ol

state isx; :{

The matrixS has in view the minimizing of the square error

between the reached state and the desiredxstatethe fixed
timet;

s=|° " 4
-5 o @

the first term of the criteria (3), often callecetterminal cost,
is given by:

Aty =2 x(t) - %, " S[x(tr) - x1 )= S sty ) - * (5)
2 2

In the same way, by setting

_|91 0
Q - |: 0 q21| H (6)
the second term of (3) is related by equation
1} 1 7 1
5 ! [ xolit = 2o, ! ooyl +2q2£[i§,(t)]dt @)

and minimizes the accumulated energy of the systmriia
and the stator copper losses [9], [10].
The third term results as

% jo“ [u” () Ru()t = % rJ.Otl [ 2 ()t )

S,Q=0,R>0 9)
and taking into account that rank of the systeragsal with
the number of variable states:

rank C,, =2, (10)

Where C,,, is the controllable matrix of the dynamic system
(1), that means the dynamic system (4) is contot@!§].

According to (10) and (11) the optimal control éxiand is
unique [1], [9], [10].

Therefore, the optimal control problem is with freed
point, fixed time and without restrictions. The tretions of
the magnitude for the control and state could ®lved by
the adequate choice of the weighting matrices.

C.The solution of the optimal control problem

By using the variational method, the Hamiltoniantbé
optimal control problem is

H(y,x,u,t)= %[xT (H)Qx(t) +u” (HRu(f) + y(t)i(t)} (11)

in whichy(t)00? is the associated costate vector. The costate
vector is the solution of the differential matriguation

y(H =-0,H (12)
or in other form
¥(t) = -lx(t) + ATy (1) (13)

The necessary condition to obtain the optimal abrigr

0,H=0 (14)
This implies:
u'(t)=-R7 B (1) (15)

By substitutingu’(t) in the dynamic system (4), and by
using (14) we get the canonical system associatéuktlinear
quadratic problem.

x(t) = Ax(t) - BR ™' (BT (t) + Gw(t)

. (16)
y(t) = -Qx(t) - Aly(t),
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Obviously, the analytical solution supposes thevdedge
of the perturbatiorw(t)=m(t), which could be available by
b ¥ 25T H.5T, [+ using a torque estimator.

The next step consists in the computation of s$kegtor
reference frame voltage component, (t) and u4(t) by

using the inverse Clark transformation:

apl 25T, [«

¢ % 25T +.5T 4.5T,[F

OGOO U(! UGO 0111 UBG UD 0000
(000) ' (100):(110)' (111) i(110): (100)! (000)
Fig. 2 Switching pattern for the first sector |:”:a:| {cose sin 6} E%u‘:d} 21)
L . . . | |-sin@ cos@ :
Taking into consideration a starting of the PMSMe t Hsp ! Mg
integration conditions of the canonical system are:
* the initial condition of the system w?ere
Uy =0 (22)
The optimal stator voltage space-vector is obtatmedsing
_|xi(to) | _|adto)|_|0 _
X(ty) = = =] to=0s an . . .
xa(to)] [4(te)] [0 U, =ul +jug (23)

* the final costate vector condition

The method used to generate the required voltagehéo
y(t) =0.A), (18) PMSM feeding is based on pulse with modulation répine
via space vector modulation approach. Space vebewry
demonstrated certain improvement for output crekage and

€. harmonic copper loss. In addition to these advastathe
maximum output voltage based on the space vecemryhis
t1) =S[x(t;) - t; =04 19 . . . . . .
y(t:) = Sx(t) =] 1 s (19) 2/+/3 times higher than conventional sinusoidal modatagti
the transversality condition of the costate vector. 2;2(33!0\'\’8 a higher efficiency and a higher torquichigh
The purpose of space vector PWM technique is to
l’(o) l"‘(t) approximate the reference voltage vectdf,, by a
% i ) combination of the eight switching patterns.
| K| { RIET | X0 =AXEHBUEGA) > If, in-a small PWM cycle period,,, , the average output
. of the inverter is the same like reference voltayerage
t -_— 1 1 .
ﬁ)’ Kt 0 u,,: , we get the following equation:
Fig. 1 The structure of the optimal conttoKt) u = T u + T, U e (24)
ot prm * prm

By solving the canonical system (16) the optimadtest
trajectory and the costate vector are obtained shah the ) o )
optimal controlu’(t)=u'«(t) is provided by eq. (15). In order toWhere T; and T, are the durations in time for which
avoid the classic recursive solution of the matRiccati  gwitching patternsU . and U ., are applied within the
differential equation, with the well known disadvages and - -
the positive eigenvalues of the system, the curtiem¢ 't '  period T, ,andU and U, .4 form the sector containing
goes to -t ', time remaining until the end of the optimal

process through the adequate conversion of thee stat !’ _
coordinates [8]. Since the sum betweeli and T, is less than or equal to

The optimal control, at any momert', is [9], [10]: Towm the power inverter needs to have a 0 (000 or patdtgrn
inserted for the rest of the period. Therefore, ti®ove
u’(t) = -RIBTP(t, —t)x(t) + equation becomes:
-1pT “-1pT (20) u :Lu + T2 u + T" u
+R7B K, (t; —t)x; +RTB K, (t; —t)w(t) Sout T T a0 T 000 or 110
pwm pu m pwm (2 5)

Note that the third term on the right side of etqraf25) does
not affect the vector sum on the left side.

A 3-phase AC induction motor command algorithm base
on discussed SV-PWM principle contains the follogvteps:

in which P(t; - t) is the solution of the matrix Riccati
differential equation, and the matricds; and K, are
calculated vidP(t;-t).

The optimal control law has three components: tiates
feedback, the forcing component to achieve there@sitate

x, and the compensating feed forward of the pertighai(t). symmetric PWM outputs;

* Configure the timers and compare units to generate
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+ Obtain the magnitude of reference voltage vedihy,
(command voltage) based on the optimal control;
+ Obtain the phase ofu ,6 based on the orthogonal

component;
*  Determine which sectot]

— out

» Decomposdl ,, toobtainTy, T,andTy;

isin;

« Determine the switching pattern or sequence to de# u
and load the calculated compared values into the
corresponding compare registers.

A look-up table stores thacos function values necessary to
get the right value for the phase of referenceaggltvector,
common modulo function technique being avoided in this
case. Comparing theta with the sector limits, thetar s of
theta results.

Decomposition of the reference voltage vector otite
basic space vectors of the sector is done by 2-byafrix
multiplication, as shown in equation (26).

T uDM

|: 1:| :M(S) t_a

T2 uout?ﬁ
Based on the decomposition matiM(s) the basic space

vectors are fetched and stored in another loolabfet

The switching patterns implementing space vectorMPW
are such that only one channel toggles at a tineept for the
case when the reference voltage vector is one efbtisic
space vectors. This approach has chosen the smgtchi
direction for each sector that results in one ckhtoggling at
a time, as shown in Fig. 2 above for the first sectherefore,
once the sector df,,; has been determined, the channels that
toggle first, second and third are determined Based on this
analysis, two look-up tables are constructed tothisesectos
as an index for the comparing register. The compagesters
are then loaded with the obtained compared vallié®
correct PWM output pattern is then generated byctmpare

(26)

speed [rot/min]

usA=f(t)

usB=f(t)

usC=f(t)

load torque [Nm]

speed=f(t)
T

time[s]
ms=f(t)

|
I
0.15 0.2 0.25

500

time[s]

stator voltage of phase A [V]

Fig. 3 The PMSM drive system response: speed [ieyimder the
load torquen[Nm]

The final time t,=0,4[s], has been chosen by physical
reliability. For these simulations, Matlab/Simulirdoftware
has been used.
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Fig. 4 The optimal three-phase SVMPWM stator vatafthe
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_ 0.5r B
I1l.  NUMERICAL SIMULATION RESULTS % °
The optimal control PMSM drive system has been o5 1
numerically simulated by discretization using Znsform and 1 os o1 o015 02 ox 03 om o4
zero order hold for a starting of a 0.75 kW, 30pthrPMSM timels]
under a rating load of 2.4Nm. The motor paramedeesk, = 600 optimal contol usa~1)
2.83), d-axis winding inductancéy = 10.1e-3H, the rotor
magnetic flux?, = 0.198 Wb. = o i
The PMSM drive response is shown in Fig. 3, in \utite Z 200 i
speed reaches the desired final value of 3000rpthjtas also
underlined the effect of the load compensating comept for % 005 01 015 02 0% 03 03 04
time[s]

a full load perturbation at0,2[s]. The impressed three-phase
stator voltages based on SVPWM algorithm are shiomthe
Fig.4 for the same load variation. In Fig. 5 thetimal
control, ug,, i.e. the transversal component of the statoragelit
is shown. Obviously, the direct voltage componeygt0. In
Fig.6, the voltage loci locus is depicted. The saeseilts are
obtained for stopping and reversing periods.

Fig. 5 The optimal control of the PMSM drive system
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\oltage loci locus

100 200

Fig. 6 The optimal voltageloci locus

IV. CONCLUSIONS

A new optimal control for PMSM drive system based on
SVPWM is shown. The full optimal control contains three
components:

* thestate feedback;
» theforcing component to achieve the desired state x;;
» the compensating feedforward of the perturbation w(t).

The method used to generate the required voltage for motor
feeding is based on pulse with modul ation technique via space
vector modulation approach. Space vector theory
demongtrated a certain improvement for output crest voltage
and the harmonic copper loss. In addition to these advantages,
the maximum output voltage based on the space vector theory

is 2 /\/5 times higher than conventiona sinusoida

modulation, and allows a higher efficiency and a higher torque
at high speeds.

The optimal control is orientated for dynamic regimes and it
assures the minimization of both of the PMSM and the
inverter |osses.

ACKNOWLEDGMENT

This work was supported by a grant of the Romanian
National Authority for Scientific Research, CNDI-
UEFI SCDI, project number PN-11-PT-PCCA-2011-3.2-1680.

REFERENCES

[1] T. Hatanaka, Kuwahara, N., “Method and Apparatus for Controlling the
Supply of Power to an Induction Motor to Maintaain High Efficiency
Under Varying load Condition”, US Patent 5 241 156, Aug. 31, 1993

[2] M. H.Park, S. K. Sul, “Microprocessor-Based Optimal-Efficiency Drive
of an Induction Motor”, |EEE Trans. Ind. Elec., Vol. IE-31, No. 1, pp.
69-73, Feb 1984

[3] A.Kusko, D. Galler, “Control Means for Minimization of Lossesin AC
and DC Motor Drives’, |IEEE Trans. Ind. App., Vol. IA-19, No. 4, pp.
561-570, Jul/Aug 1983

[4] R. D. Lorenz, S-M. Yang, “Efficiency-Optimized Flux Trajectories for
Closed-Cycle Operation of Field-Orientation Induction Machines
Drives’, IEEE Trans. Ind. Appl.,Vol. 28, No. 3, pp. 574-580, May/Jun.
1992.

[5] |I. Kioskeridis, N. Margaris, “Loss Minimization Induction Motor
Adjustable-Speed Drives’, |EEE Trans. Ind. Elec., Vol. 43, No. 1, pp.
226-231, Feb. 1996

[6] S. Geppert, “PWM Inverter Control and the Application thereof within
Electric Vehicles’, U.S. Patent 4 316 132, Feb. 16, 1982

[71 P. Pillay and R. Krishnan, "Modeling of permanent magnet motor
drives," Industrial Electronics, IEEE Transactions on, vol. 35, pp. 537-
541, 1988

[8] M. Athans, Falb, P. L.: Optimal Control:An Introduction to the Theory
and Its Applications, Dover Publications, 1SBN: 0486453286, USA,
2006

[9] E.Rosu, A Solution of Optimal Problem with Quadratic Performance
Criteria, Analele Universitatii “ Dunareade Jos’ Galati, 1985.

[10] E. Rosu, , Gaiceanu, M., Bivol, I.: Optimal Control Strategy for AC
Drives, PEMC '98, 8" International Power Electronics & Motion Control
Conference, Prague, Czech Republic, pp.4.160-4.165, 1998

Marian Gaiceanu (S'95, M’2005) earned the B.Sc., M.Eng.Sc and Ph.D.
(Magna Cum Laude) degrees in Electrical Engineering from the University of
Galati, Romania, in 1996, 1997, and 2002, respectively. He is with the
Department of Electrical Engineering, "Dunarea de Jos" University of Galati,
as an Associate Professor. He has got the specidizations in: digital signal
processing and microcontrollers at Southampton Institute, UK (Sept-Oct 1999,
JEP 12043-97 Tempus Project); and in Power Electronics and Electrical
Drives at ELWE LehrSysteme, Cremlingen, Germany (Nov-Dec 2000,
RO/98/2/06466 DISNOTECH Leonardo da Vinci Project).His research
interests are primarily in advance converters for power supplies and motor
drives, power quality issues and active power filter development, power
converters for fuel cell, micro-turbine, wind energy systems, and power
electronic control for battery and ultra-capacitor type energy storage/discharge
devices for ride-through and utility interface issues. Injection of electrical
power into to the grid is currently his major interest. He has authored more
than 200 technical papers, reports and books in this area. Dr. Gaiceanu was
with the Department of Regulation and Control, SIEI S.pA. and Polytechnic
of Turin, Italy (2002-2004) as a recipient of a Marie Curie Post-Doctoral
Fellowship, being responsible for technical direction and management of
severa projects in the area of power converter systems for AC drives and
Power Qudlity. He was with Department of Electricall Engineering,
Polytechnic of Turin- Italy, 2006-2007 as Visiting Researcher conducted
design projects in the PEM and SOFC fuel cell power converters development
for utilities and marine applications. He has worked at Energia da Ossidi
Solidi Project, Siemens Fuel Cells SFC-200 (2006-2007), TurboCare-a
Siemens Power Generation subsidiary. As conference organizer, Dr. Gaiceanu
is the main founder of the International Scientific Student Symposium-2009,
being General Chairman. Meanwhile, Mr. Gaiceanu has been Genera
President of the ISEEE Symposium 2010.

Emil Rosu was born in Neamt (Romania) in 1944. He received the B.Sc.
degree in electrical engineering from Technical University of lasi (Romania),
in 1967, and Ph.D. degree from the same University in 1985. In present he is
consulting professor and Ph.D. supervisor in the “Dunarea de Jos’ University
of Galati, Romania. His fields of interest are focused on power electronics,
and optimal control of electric drives.

1196



