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Abstract: This paper presents the modeling of Permanent Magyrechronous Motor and its application with Vector
Control technique under different operating comditsuch shaping, cutting, grinding or shearing ireqaoonstant
torque, irrespective of speed. Other applicationremes and conveyors handling constant weightateral per unit
time, in pumps, screw conveyors, compressors atarilés, for traction drive. Simulation results ®hs that proposed
system has high acceleration and retardation réte wector control overall fast dynamic responsenadl as good
controlling ability.
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number of poles of the motor motor (PMSM) and brushless dc motor (BDCM) could
a, b, and ¢ phase currents (in amperé®come a close competitors to induction motor drifor
d and g axis currents (in amperes) servo applications. [1]-[3]. The PMSM has a sindsbi
a, b, and ¢ phase back emfs (in volts)back emf and requires sinusoidal stator curremréaluce
a, b, and c phase voltages (in volts) d,constant torque. The PMSM is very similar to trenstard

q axis voltages (in volts) wound rotor synchronous machine except that the MMS
dc bus voltage (in volts) has no damper windings and excitation is providgdhie
moment of inertia, kg-f permanent magnet instead of a field winding. TheSRM

self inductance of a, b, and ¢ phasesaﬂﬁ widely used in low an_d medium power appli_castion
henrys) such as computer peripheral equipmentsbotics,
mutual inductance between a. an déustable .spe_ed_dnve.s, ellectrlc .vehllcles apdstant

' orque application in various industries like steglls and

Phase (in  henrys) . . . X
d, g axis inductance (in henrys) in transportation for material handling. [2], [3]

mutual flux due to magnet (in Webers)  Selection of traction machines for electric vehiide

d, g axis flux linkages (in webers) important and needs to get enough attention [9], TGe
derivative operator d/dt major requirements of electric vehicles are higstant
stator resistance power and high power density, high torque at lowezp

average inductance b (Lg+Lo)/2 and a high power at high .speed, wide spged rarge, f
inductance fluctuation & (LgLe)/2 torque response, high efficiency over the wide dpaed

flux linkage due to permanent magnefor_qu?. ranges, high efficiency for regenerativeakieg,
electrical angle between a-axis and q[ellablhty and robustness, Reasonable cost.

axis in Degrees The growth in the market of PM motor drives has
synchronous speed (in rad/sec) demanded the need of simulation tools capable wdlivey
o, = pd, angular velocity of rotation (In motor drive simulations. Simulations have leelpthe
electrical rad/sec) process of developing new systems including motived,
electromagnetic torque in (N-M) by redg_cing cost and_ time. Sinjula_tion t_ools have th
Load Torque in (N-M) capabilities of performing dynamic simulations obtor

drives in a visual environment so as toilitate the

stationary frame-axis and- -axis.
development of new systems. [1]

viscous friction coefficient (N/rad/sec)
The general classification of PM machine is raéliat

(drum-type) and axial flux (disc-type), and therf@r type

is more commonly used. A sinusoidal machine carabe

surface permanent magnet (SPM) or an interior type

[. INTRODUCTION

~ Now a day's permanent magnet synchronous motajuried permanent magnet (IPM) type. In SPM, PMs are
drives, which include permanent magnet synchronous glued on the rotor surface using epoxy adhesivédikein

148

978-1-4673-2080-1/12/$31.00 ©2012 IEEE



2012 IEEE Electrical Power and Energy Conference

an interior PM the magnets are mounted inside tterr Ad=Ldid+\af 4)
[9], [12].

This paper analyzes the mathematical ugle
simulation of PMSM in MATLAB environment ugjn
vector control under different operating conditiaugh as DI = ValaFVbib+Veic (5)
i) step rise in load ii) step change in referengeesl iii)
speed reversal, and simulation for electric veHudel.

Aot is the magnet mutual flux linkage
The input power s represented as

While in terms of d, q variables

The paper is arranged as follows: Power=3(Vig+Vaq /2 (6)
Section Il presents the mathematical model of thiSH.

Section Il scalar and vector control. Section Different ~ Equivalent Circuit of a PM Synchronous Motor
types of load. Section V. Electric vehicle load, Drive

System. VII. Simulation Results. VIII. AC6 EBW

Synchronous Motor Drive system. Section IX has the, N mlq & L
Conclusion. + 20 gy L
Iy + I
Il. MATHAMATICAL MODEL OF THE ¥ oy
PM SM ) wlild wlgly
The stator of the PMSM and the wound rotore O+ ! G ST
synchronous motor are similar. In addition therends is circuit b ko is circuit
difference between the back emf produced by perntane(a) g-axis cireul (b) d-axis circui
magnet and that prOduced by an_ eX_C't‘?d coil. Hethee Fig 2.2.Equivalent Circuit of a PM Synchronous Moto
mathematical model of a PMSM is similar to thattio
wound i rotor syndch_rorc:loqs t_motc1>r. 4The foitogv Fig.2.2 shows the dynamic equivalent circuit of IPM
assumptions are made in derivation. [1]- [4] synchronous machine. Note that in practicagmetic
Assumptions circuits are subjected to saturation as curreitideeases.

o S Especially, when 4iis increased, the value of; lis
Stator winding produces distribution mmfpa8egecreased and ,Land L4 are subjected to armature
harmonics in the air gaps are neglected. reaction. Since id is maintained to zero or negatislue
Air gap reluctance has a constant componentedis(de¢magnetizing) in most operating conditions, s#ton
as of Ly is rarely occurs.[2], [3], [4]

sinusoidal varying component.

. .. The electric torque Te produced by motor
Balanced three phase supply voltage is considere Te = 3P [hnig + (La- L) idiq] /2 @)

Although magnetic saturation is consideredgdyed Equation for the motor dynamics
current and hysteresis effects are neglected. T=T+B- +Jp . (8)

Damper windings are not considered.
It is from equation(7) that the produced torque is

Bk ® composed of two distinct mechanisms. The first term
correspond to “the mutual reaction torque” wdag
between § and the permanent magnet. While the second
term correspond to “the reluctance torqué due to the
differences in d-axis and g-axis reluctance oryatdnce)
For constant flux operation whep kequals zero, the
electric torque T

a-axis

Te= g2 = ki 9)

Fig 2.1.PM Synchronous Motor Where k is the motor torque constant. This torque

With these assumptions the stator d, q eqUatimerﬁgﬁ?g%%;ég:een;gleegft:(?;t% tr[lze]_[g]gular dc machimd

rotor reference frame of the PMSM are [2], [3]
Park’'s Transformation

Vd = Rddat+ phd-orhg 1)
i vd and v are obtained fromayw, and « through parks
Vo= Reia+pho-orkd (2) transformation as given below[2-6]
where
A=Laiq 3)

and
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D.C. Drive Analogy

PEik 4 E £ E‘ -
n cos(8) cos(f - !j c0s (7 7)1y ' |
1 . - g I :n-\ =7 ::I‘ 1 + +
[bd]'m sinff) sin(f-—) sin(@+-) [w
vy ’ o A -
12 1/2 1/2
(10) R

Here y component is called the zero sequence

components and under balanced three phase sysiem th

component is always zero. Since it ds linear AR -
transformation a, b, ¢ variables are obtained fdom

variables through the inverse of the parkransformation Dacoupied
as given below. |

£y T iR ﬂ =
cos (6] sin{f) 11 . 7 Wa
[vey P | A 2
vhf=|cos (8 —7) sin(6-—) g
Lyg- i g lvo

cos(f+=) sin{d+=) 1

(11)
Whereb is the rotor position

Note that in order to produce additive reluctarmejue, j
must be negative sincgk L,

Fig.3.1. Separately Excited DC Motor

lll. SCALAR AND VECTOR CONTROL i ) _
In separately excited DC machine both torque aeafdl fi

component is orthogonal and hence independentlyralon
In scalar control the magnitude of variables istominThe electric torque equation of a separately edcRE
and scalar control is simple to implememhdrentmachine as given below
coupling effect (Both torque and flux are the fuons of
voltage or current and frequency) gives thlaggish Te=Ki 10 a=Kilals (12)
response and the system is easily pronénseability \where k = motor torque constant, ¥Torque component

because of a high order fifth system effect, if@olque iS(armature current),+ Field component (field current)
increased by increasing the slip (frequency), the fend

to decrease and flux variation is always sluggFtr. Vector Control of PMSM

controlling the flux additional voltage is requir¢Boost This vector control strategy is somewhat similar to

voltage).This temporary dipping of flux reduces thequethat of PM synchronous motor vector control, excépt

sensitivity with slip and increases the time reg®Mhis \actor control of PMSM for maximum torque senstivi

problem is solved by using the vector control orG=Q7- with the stator current, we can sgti0 and i= iz The

12] slip frequency: ¢ = 0 because the machine always runs at
In FOC, both the magnitude and phase alignmerstyp€hronous speed . The magnetizing currentsk 0

vector variables are control. Vector control driygerateshecause the rotor flux is supplied by permanentnafg

like a separately excited D.C. motor drive becaafsb.C. [8], [12]. This condition is also gives a minimalvierter

machine-like performance and vector control is kn@®power rating. Equation (3) and (4) can be represkin

decoupling or orthogonal control. Vectmontrol isphasor diagram as given below in fig.3.2.
applicable to both induction and synchronous mdtores.

(8], [12]

phace A

Fig.3.2. phasor diagram of vector controller
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IV. DIFFERENT TYPES OF LOAD PWM inverter and signal builder for loading. A Base

Different type of loads exhibit different :zepttatorque!ﬁnotor rated 1.1kw, 220V, and 3000 rpm is fed by PWM
characteristics. [16],[18] However, most of the usttial NVerter [12], [13], [15]. Its output voltage go#wough
loads can be classified into the following categsri controlled source block before being applied toRh&SM

Constant type load torque Most of the kimgy stator windings.

: : . The load torque applied to the machine shaft isdbui
machines that have mechanical nature of work li ; . .
shaping, cutting, grinding or shearingequirewlﬁ the help of signal builder from MATLAB library

constant torque irrespective of speed. Similarb,nesus'ng signal builder we can construct differentetgpof

during the hoisting and conveyors handling cons:[%ﬁ\ij torque curve. Two control loops are used. inimer

weight of material per unit time also exhibit type |88p r_?_gglitjtzrtTgom%?r:tfotf;r?Q;Srﬁgifrdsciggmga?;
of characteristics. P- p p

Typical examples of constant torque applicr&ti@;ieeo' control loop. In this id=0 methodology isdif,

include, Conveyors, Extruders, Mixers, Lift machin
Positive displacement pumps and compressors
Torque proportional to square of the speed (pa
load) Another type of load met in practice is the
oneVll.

in which load torque is proportional to the squafe Simulation model of PMSM using id=0 control
the speed. E.g. fans, rotary pumps, compressordn@haod to control the speed and d-q axis curreith A

SIMULATION RESULTS

ship propellers. control. According to vector control of PMSM, thedel
Torque inversely proportional to speed (@ant unsin MATLAB. _ _
power type load) At starting the torque increases transierfigm

standstill. During the start up period, the speedlso
This type of load sometimes found in the indusingrease linearly due to vector control so the camaded
The power remains constant while the torque gafiéetorque is equal to the maximum capability of thetono
torque is inversely proportional to the speedhichThis ensures that machine runs up in shortiese
infinite at zero speed and zero torque at infisipeed. Inpossible. Fig.8 (a), 8(b), 8(c) shows the differepérating
practice, there is always a finite value to brealaycondition of PMSM using vector control methodoloigy
torque required. This type of load is characteristi the Matlab.
traction drives, which require high torque at lopesd for,
the initial acceleration, then a much reduced terginen
at running speed.

V. ELECTRIC VEHICLE LOAD
Speed ¢)

1 i

| r

/

| /
| /
i { Fig 8 (a).Step rise in load
| S —— We can see that the current and torque responge tim
| — — T e e 2 . . -
Load Torque (TI) is very short and very small fluctuation in spe¥tk can
Fig4.5.speed-torque curve for electric vehicle see that the during steady state operation thedsigee

constant and current maintain a good sinusoidakfeamn
Fig4.5 shows the speed-torque characteristitsanshown in fig 8(a). From figure 8(a): at the timestédrting
electric vehicle load. Because of its heawass, thenotor is running at no load with zero load torqoeitsis
stiction is large near zero speed; net torque igiynaue called as no load operation but at t=0.05 sec cepged
to stiction. The stiction disappeared at a finipgesd andn load from no load to a torque of 6 N-M.the toggis
then windage and viscous friction dominant. BecaoSgery high but the same time motor achieve the esfes

large stiction and need for accelerating a heavgsnthespeed due to vector control. The system ruasy
motor torque required for starting a electric wddiis smoothly.

much larger than required to run it at full speed.

VI. DRIVE SYSTEM
The drive system consists of permanent magnet

synchronous machine, speed and position feddba
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and very small fluctuation in speed. We can se¢ tha
during steady state operation the speed is constadht
current maintain a good sinusoidal waveform.

VIIl. AC6-PM SYNCHRONOUSMOTOR
DRIVE

The PM synchronous motor is fed by a PWM voltage
source inverter, which is built using a Universaidge
Block. The speed control loop uses a PI regulator t
produce the flux and torque references for the arect
control block. The vector control block computes three
reference motor line currents corresponding to fliwe

and torque references and then feeds the motortigthe

From simulation result we can see that speed caff'bghts using a three-phase current reguldfotor

change from reference speed to desired speed mmcurrent, speed, and torque signals are availabtheat

the frequency of supply. The reference speed is rpa@@utPut of the block.
after 0.05 sec the supply frequency is changedssto a
achieve the500 rpm and from figure 8(b): current i
sinusoidal and speed response is very smobthm T
simulation result we can see that speed can begeh A ATt
from reference speed to desired speed by changag N
frequency of supply. The reference speed is 200aften
0.05 sec the supply frequency is changed so ashiee
the 500 rpm and from figure 8(b): current is sindaband
speed response is very smooth.

Fig 8(b). Step change in reference speed

Fig.9 (a) Simulation result for electric vehiclatb

From figure 9 (a) it is observed can the motorastat

current, the rotor speed, the electromagnetic ®ragund

the DC bus voltage on the scope. The speed set anih

the torque set point are also shown.

At starting t=0 set speed is 300 rpm, it is obsdrtreat

speed followed precisely the acceleration ramp dailled

as acceleration

From figure 8 (c) the speed reversal of PMSM issfiie At t = 1 sec, the full load torque is applied te tinotor.

by changing the phase sequence of the supply syst&rcan observe a small disturbance in the motoedspe

from R-Y-B to Y-R-B. which stabilizes very quickly.

At starting reference speed is 500 rpm but at @85 At t = 6 sec, the speed set point is changed ton@ r

speed becomes -500 rpm. At the same time the ph@&sa&peed decreases down to 0 rpm following prbcise

sequence of supply is also change as shown in riutite deceleration ramp. This period is called aardettion.

waveform. From this result we can say that system exhibiedpe
Fig.8 (d), Simulation results show that system tuague curve for electric vehicle hence this dsystem is

high acceleration and retardation and from fig.)8 $peedsuitable for electric vehicle application.

reversal is also possible which is desired charatites for

EVs, machine can run smoothly and has good static a

Fig 8 (c).Speed Reversal

well as dynamic performance which is more efficiéort IX. CONCLUSION
traction application (Electric Vehicle).In each oging . ] ) .
condition current and torque response time is sért This paper has presented modeling, simulation, and

analysis of a vector-controlled PMSM drivunder
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