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Vector controlleti PMSM sunto drive is a MIMO full state feedback system. Since only thc nleasurable quantities are 
used as the ftAhiick to the controller, thc whole problem is treated as a linear quadratic tracker (LQT) with output 
feedback Six tllc plirprrsc of designing the optimum controller to meet the given specifications. The performance of the 
optimal controller is evaluated hy studying the transient and steady state response to step changes in reference speed. 
The sensitivity of each current and spced loop controllers to changes in  noto or parameters and load torque are investi- 
gated. A torque ohscrver is used for the feedforward torquc control to make the optimal controller robust against load 
torque variations. 

Major discipline: Electrical Madlines and iidjustablc speed drivcs(5 1. 

The control of cleccrical motors uscd in high performance servo drives and robots denland con- 
trol concepts 'that can achicvc high dynamics and the prescribed accuracy for all operating 
conditions. The ~ 1 : ~ s  of referc~icc input signals, externol disturbances, parameter variations and 
the power source chi\r;tcteristic~ ticfine the operating conditions of the servo drive. Among AC 
motors, the pcnz~anont rnugnct synchronous motor (PMSM) has a high power density and 
torquc to inertia ratio, bccause of the usc of high quality rare-earth magnetic materials, that 
make it t'hc most popular choice for replacing DC rlzotors for servo applications in the power 
range of 1-10 kw". Thc P M S ~  with sinusoidal llux distribution is preferred over the one with 
trapezoidal flux distribution due to lower torque ripple. Generally the control design is based on 
linear. models with tlic :~ss~imption that thc mechanical and electrical time constants differ at- 
least by one order of xnagnitude which result in series control structures. In many industsial 
drives, the vector controllecl PMSM with current controlled voltage source inverter and PI 
speed regulator bas been used as high perfcmnance servo systems. The PI controller is simple 
and easy to implement, Also it is known that it can yield attractive controller performance and 
robustness properties. Such controllers reject constant external disturbances, and has good low 
frequency disturbance response properties. The overall performance of the drive system de- 
pends ultimately on the selection of the controller parameters. However, as application fields of 
servo systems expmd, various high-grade demands for speed control characteristics arise. For 
example the spindle ~f an NC machine is required to maintain constant speed under fluctuating 
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load torque conditions, a robotic ann should be able to maintain i ts  velocity and tri$xtory in- 
spite of variations of moment of inertia etc. 

The conventional PI controller design is based an the lincur SISO systcizzs control tech- 
niques. However vector controlled PMSM is a MIMO syste~n which has :I ilts-linc;a inodol ;mi 
it exhibits coupled dynamics. This paper presents the design of controller Sor a PMSM hy r@- 
mal control methods. The performances of the controllers for a wide operating riingc :w cv;ilu- 
ated. The sensitivity of the controllers to plant palameter variations imd 10;id torque v;siations 
are compared. 

Control of PMSM can be achieved either through closed loop field oricnted control, whcrt: 
the two physical quantities generating the torque i.e. the flux and the current : r r r  kept orifwgo- 
nal to each other or through the open loop co~ltrol without field orientation such us vlf contrr~l. 
In the field oriented control of PMSM the flux producing component of the stator cun.c.nt 
is made zero and the torque component of the stator currcnt is nlltdc orth~go[~al to thc magnetic 
flux. Field orientation gives goad dynamic performance but suf'f'ers firm poor tfisturhancc 
rejection at low speeds. In servo control prabletn this implies tlut ttzc error in spcecl caused 
by a torque disturbance is independent of the speed at which the motor i s  running. On the t~thcr. 
hand in vlf control the field disorientation gives better clisturbancc rejection ti.c. s~nuII 
deviation from set speed) at low speeds. But the transient response is inferior to thc field ori- 
ented control. The block diagram for the field oriented speed control of a PMSM is show11 in 
the Figure 2.1 

The torque is controlled by the I,, loop and the flux by the I,,, loop, Thc spccrl is contcotlcd 
by the outer loop. The torque and speed dynamics of the vector controlled fbMSM is s11own in 
equations (2.11'. 

FIG. 2.1. Field oriented control schematic of a speed controlled PMSM drive, 
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From the equations (7 .1  ) it m i l  bc seen that the d- ;md q- axis equations have cross coupling 
terms. These crass coupling effects hecomcs signific:int at higher speeds and can be cancelled 
by fecdfortv;tnl con~pcos:itions as shuwn in the Figure 2.1, to achieve decoupled control of d- 
and q- axis currents. 

Duc to thc i~~ter;\~ficm of' f i le t ' o ~ l l r ~ l  loops in ;1 ~~zultivariable system, even though each SISO 
tru11sli.r ftmetirrn can ~;LLL.S ~~cct"ptahk psc~p~sties wit11 step r e s p o ~ ~  and robustness, the coordi- 
natcd tiwtim cootmt of tllc system can hi1 to he acceptable! By using modern control tech- 
nicpes, 111311y c tf the Iirnitittiilns rd thp c1assic;il controls for multivariable feedback control sys- 
tems c m  hc t)vcrconlo. Mr)rltrn control dcsigr~s use fundnxnentally time domain technique 
whtrcas tlitsbicirl crtntreol dcsigna; use fiquetlcy dormin technique. In the modern controller 
synthesis using statc fccd&icf; techniyi~e, all the stattes must be available for feedback. To over- 
come this difriculty, imtlrttt fecdback is used. Further unlike the full state feedback, the output 
fcedbwlr c o ~ m d  i:iw :illtlws m y  desired dynnmicul control structure, thereby regaining much of 
the intuition of clns5ic;ll control d~s i~n '* '~ .  

For ;i MIMO system, cigenv:hs nud eigenvectors are to be assigned to the closed loop 
feedbeck system to :shicve some desired dynamical transient response characteristics5. In a 
rnultivalishlc system, cigenvectors determine the shape of the response modes and the eigen- 
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out. 

An alternate approach to the eigen structure assign~ncslt fechoirlue is ihc. rq%iilrn\ eonao12. 
When applied to a MIMQ time varying system, the optimal control designs iriioskr tile item- 
tions on eigenvalues and eigenvectors to the iterations on elerncnts ia a ux-4 ftincfirrr~ X. The 
resultant optimised designs will achieve some conipromisc hetween thc usc of the c'onlfof effort 
and the response, and at the same time guarantees a stable system. Each i trmt ion 011 the p:tr.:unc- 
ten in I produces a candidate design that can bc evaluated utrnsidering rhc spccif'ications. To 
achieve the optimal controller, a linear quadratic pcrforn~ancc criterion of' skilcs aiid inputs arc 
rninimised. For standard discrete LQT with output feedback prc~blcms, tIlc pcr~fi~nt~~rrrce irrc1t.x 
used is 

A where x and uA are state and input deviations respectively. Q is thc rkite weighirig riwir.  K 
is the input weighing matrix, e- is the steady state error, V tllc stcucty NtiltC c~rstw ~vuigllitlg mu- 
trix and gij the weight of the gain ele~nent k of the gain nlatrix I<. In the 1rrrksent c i i ~ ~ ,  hec;iase 

1.l 
of the PI structure of the controller, the steady state error will he m - o  at13 11t:nue the otwwyorzti- 
ing term in the performance index can be madc zcro. 1 - h  ttlc scl~ctcd c~~otrctllcr ~ i c t u r e  it 
can be seen that this is a special casc of output feedback that is illso u full h[;ifc f'c*carl\xtcL. f low- 
ever the linear quadratic tracker with output feedback up~~rctilch is uscti t o  ohtitirl tilt opt irnt i~  
gains. 

The stability margins of the linear quadratic reguliltor in the continuous-ri111c caws ;rrc in- 
finity and 60degrees for gain and phase respectively". Altlrough discrctr. t ime t%ptirrul linear 
quadratic regulators have margins inferior to continuous-ti~nic casc, gt~nriit~ctcd pl~nsc mi p i i n  

margins have been obtained1! The deficiency of the stability m:llpi~~s :irises 0111y i n  r+azcs ivhcrc 
the optimal feedback gains are very large. So it cannot occur* in ( i i sc rc tc - t i~ l~~; t~ t '  ; t i id [hc  sfit- 
bility margins will thus provide a reliable indicdion of tilt rohustncss 111' tlrc c~~,~rozpo~~~lin:! dis- 
crete-time optimal regulator. 

The dynamic model of PM machine transformed to the d-q reference frame' in c im~inutw state 
space form is given by equation (4.1). 



Since ;in anti-aliasing filter is also used in the control path to filter out the high frequency 
I ~ O ~ S C S  s u c h  ;IS I ~ I c ; ~ s L E ~ ~ " ~ I ~ o I ~ ~  noise, the dynamics of the anti-aliasing filter should be included in 
the systcrn fi)rmuIatiort, Herc a Itw pttss filter af the form HJJ) = a/(s + a) is used. For the mo- 
tor details indicated in the Appendix-I, thc bandwidth is 122 radlsec. The filter frequency is 
selectcd as 490 I';~CZ/SCO. 'rl~c tinti-aliasing filtor dynamics represented by the matrices A,,, B,,, C, 
U I ~  D,, iirc 

The ii\tcr stiitcs uugmcrtttld plant G,,,, is dcscrihed by the matrices A,,,,, B,,,, C,,,, and D, ,  which is 
given by 

where la ,,,, = B  ,,... 12 x31; b,)c,21 = 0 .... [2 x 21; 

The augmented plant G,,,,,(s) is transformed 'into the discrete domain using the ZOH equiva- 
lent triinsformation to obtain G,,,(z). The transformed G,, must be augmented to the discrete 
current controlIer dynamics. 

The digital current controller structure for the PMSM drive is as shown in the Fig. 4.1. The 
dynamics of PMSM that is transformed into the discrete domain and the dynamics of the com- 
pensators form a part of the system formulation. The sampling frequency of the current loop is 
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FIG. 4. 1 Digital current controller structure for PMSM 

selected as 5 kHz. The delays due to computations and thc invcrter lag arc titlic.11 carc of by in- 
troducing a sample delay at each of the current loops. 

Referring to the Fig. 4.1, the delay dynamics can bc represcrttocl as 

and the PI dynamics can be represented as 

where T is the sampling time of the analog currcnt fccdhack sigsi~l. 

Combining the equations (4.2) and (4.31, the cornpensam dynmrlics (;, can hc wl-i t tr~i  i iS  
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i.e. x,:,.(k + 1) =A,.  ~ , ( k )  + B,.~i , (k) ;  where 

the inputs to G, are u, = [I,lrl,I,,~t, I,,,,,.fl,,,,, 1'; and the outputs of the heG,. are y, = x,. 

Augmenting the compensator G, ta the plant-filter G,, dynamics, the total system dynamics 
G is obtained. If the complete system is represented in the form 

The augmented total system is shown in the Fig. 4.2. The system states, inputs, reference in- 
puts and outputs respectively are 

x =  [.I-, ,.x ,.lT... [8 x I];  u = u  ,,,, = U  ,,... [?x 11; r = [ l i ~ ~ r ~ ~ f l ; l l , r / ] ~ y = y  ,... [ 4 X  11; 
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FIG. 4.2. Augmented block diagram for the current control of thc PMSM with output fcuilhiwk 

The performance outputs of the system are : = ~ I n b  ily1, 1'' = H. x 

0 0 1 0 u 0 0 0 
Hence the performance output matrix H = 

0 U 0 I 0 0 0 0 I 

, It is evident that  he PMSR4 is t i w w l ; ~ t c ~ c f  i l l  tlw ~taatlsrcl 

form of the LQT with the output feedback. 

In practical servomechanisms the torque dynumics will hc much Li tcr  ih:m the spcecl dy- 
namics. Moreover, the number of outputs that can be nmtlrdled is l i m i r d  I-y the r w r r  her t,f 
inputs. So the controller structure is divided into two as in the casc of' convcntion;tl wcrhods, ( I I 
the fast current controller loop and (2) the slower speed amtrof loop. The c t ~ ~ c n t  cwtrollcd 
loop is a two input -two output system, where as speed controlicd system c;in cwa~ed :is :I 
single input single output system. Hence both controllers are designed sclwm.dy wit11 rrspcc- 
tive loop dynamics, 

Considering the speed control loop, the plant can be approximated as ii first order Ing corre- 
sponding to the mechanical time constant of the rotor. The block di;lgr.;~o~ fiw tllc spccd cmtnd 
loop is shown in Fig. 4.3. A lag of 10 msec. is introduced .nt thc spccd (.tcdb;ick lo  :iccomlt for 
the speed sensor lag in practical systems. This lag is represented in the form of. 1/I 1 +TI s) where 
T3 is the sensor lag. AS this is a first order system it is possiblc to use standard cl;~ssicd SlSO 
techniques to design the speed controller. But this will not yicld optimunl giiins. Therefbre the 
same method used for optimal current controller design is used to design the spccd coatrd1er 
also, by formulating it as a LQT problem with output feedback. 

The plant dynamics G , ,  is described by matrices A,,, B ,,,, C,,, tmd D, .,,, wherc 



A,,,,, = 1-l$JJ,,:]: \t1ll~se B,,, = fi'iction ctwt'ficicnt; and J,,, = rotor mechiinical itlertin. 

8 ,,f,, = [ I / .T, , , I :  Thc state of G,,,., is .$,,,, = lo,.]; the input is rr!,,, = [ V J ;  and the output is y ,,,, =x,,, 

'I'lic \t;ac, 11' ihc myn~wtctl  plmr ;KC t ,  - 1 m,,, q,,\ 1'': thc input is r r , , ,  = u,,,,, = [Vu,] the output 
' 

is y ,,,, - ((11,. , I :  

1 1 )  ( 1  -- I 
;Iq ,,, -:- ; T,,, is the speed sampling interval. 

[7, , /? i 
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Once the system is formulated in the form given in equation (4.5) the optimal speed fec& 
back gains can be obtained by following the same steps as is done h)r the optirml current con- 
troller design. For variable speed industrial drive applications S L K ~  :IS rnmhioc tool drive, ic is 
required to have fast response to step change in reference speed without m y  overshoot. $0 the 
speed controller design is aimed at critical damping and the scttling time lcss t11:111 1 001nsec. For 
fast transient response and limited current, the current controller specifications ;ire decided ;is 

= 0.707 and settling time of the current loop should be less thi111 S IIISW. 

The application of the performance index 3 to the control system design ;sbievcs an optin1:ll 
system that compromises the minimum state errors and rninimu~n encrgy critcsi:i. 'l'hc oi?lcctivc 
now is to determine the gain matrix K. The optirnal feedback pain matrix K can he ohtained by 
minimising the performance index given in equation (3.1) subject to thc ~Ollstlaillt 01' thc Alye- 
braic Riccati Equation (5.1) for discrete time systems2 i.e., 

where A ,  = A  - B.K.C is the closed loop system matrix 

P a positive definite symmetric constant matrix. 

Now the optimal cost of the system becomes 

where X = 2. xT and E = -(A, - I)-' B,.. r is the state nt stcitdy state anti R, - I:' - B.K 1: is the 
closed loop input matrix. 

The minimisation problem may be solved using one of the nutnesical tcchrlirps uvailahlc 
such as SIMPLEX method. With SIMPLEX method wc can tix :u1y gain cblernt"rrt of  ltle gain 
matrix K and obtain the optimal gain values for the rest of the ciemeuts in tile gain tnatris tly 
minimising the performance index J. This in fact gives ii lot of ncxihility in wiving ;it tlx stit- 

ble optimal gains of the PI control structure for the system. Once the system i s  fimmlatcd, the 
entire optimal control problem can be boiled dawn to the selection of Q ;itid It njatrices to ob- 
tain the desired closed loop system response. The steps for obtaining tlic irptinl:il gain v:ilucs :ire 
as follows, 

1: Choice of the initial stabilising gain matrix: As alreialy menth~ncd in scctit)~~ 5. the 
optimisation process is an iterative process. Therefore to start with, an initiid gi~ill ~mtrix K tililt 
makes the closed loop system (A - B.K.C), stable has to be used. Tile &:kin cim then he c@i- 
mised by minimising the 3. The PMSM and the combination of eompensittor iind I'MSM ;ire 
both open loop stable. If the feedback gains are vny small, then the closed loop polcs are very 
close to open loop poles and hence the closed loop system is stable. As n result, the initial pro- 
portional gains are set to zero and the integral gains are chosen as 0.01. This will usu:illy p ~ ) -  
vide the system stabilising starting gains for the PMSM, which can he cnsured by chccking the 
closed loop eigen values are within unit circle. 
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: When the system is fornu- 
hted as a LQT with o~ltpilt f ~ ~ d h n c k ,  problem of designing the optimal feedback gain depends 
on the sclcction of the Q :ind R matrices to obtain the desired response of the closed loop sys- 
tem, Thc tr;insl;itii)n 01 spccificarions illto Q and R is imprecise and so selection of Q and R 
need to be itemlive. I f  the stntc vector is so selected to have physical significance, then the 
clloice o f  0. R entries are m ~ s e  readily reflective of physical insights especially if diagonal Q, 
R x e  used. To have c t ~ ~ t r o l  over thc closed loop eigenvalues and eigenvectors of a multivari- 
;~ble system. Q is selected as p. HI.&. where p is n scalar and H is the performance output ma- 
trix. If p is ;issigned il large v;iluc . the resulting gain leads to a fast response of the system and 
vice versa. For a multiple input system if R is selected diagonal, the system can tolerate inde- 
pendent gain variations without disturbing stability. But with entries of very different sizes give 
poor robustness to input cross coupling. So R can be selected as p.d where d is a diagonal ma- 
trix and p is scalar. If p is selected large, the resulting gains K will lead to a slower system re- 
sponse and vice versit. 

: The performance index J = 12/.tr(PX) is 
minirnised undcr the constriiints of equation (5.1 ) using the subroutines for SIMPLEX method 
available in MATLAB, This results in the optimal feedback gain K. The step responses of the 
systcrn for various values of Q and R itre shown in the Figure 5.1. To meet the specification 
requirements. the gains corresponding to (d) are selected. 

TItc spced responsths f i ~ r  step reference corresponding to various Q and R are shown in the 
Figure 5.2. 

response to lsq t'efercncc 
2.51 1 

-0. 
0 50 100 750 200 

No. of samples --- one samplo = 

Kpd Kid KPq Kiq Q R 

(a1 [-6.2837 -473.OXW -13.7608 -169.1319j; O.Ql*H'.H; diag [lo00 11 
(h) [-74.3054 -81 1, .'TI25 -5.6957 -956.25j: O.Ol*H'.H; diag [I00 11 
(c> 1-20.67.72 -6tE7.9348 -2.1968 -285.17061; 0.01 *HH'.H; diag [l 1 1 
(dl [-24" -1010,Ct -0' -907.11; O.Ol*H'.H; diag [I00 11 

FIG. 5.1. Step response of Isq for different Q and R at o, = 300 radlsec, 
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(a) Q=100 ; R = I  ; K-[-0.967 -0.1 71 

(h) Q-1 ; R=10 ; K=[-0.3778 -.Of3751 

(c) Q = l  ; R=50 ; K=[-0.1280 -O.Q305] 

No. of samples - one sample 1 rns 

FIG. 5.2. Step response of rator speed for various Q ant1 R at 300 I;ILI/SW 

For flux vector controlled drives the current ctrnt~*ol loop lime COIISI;ZDI is m;t l I  cllclugh to t~ 
neglected (3 ms). Then the machine transient can be rclpscscnlcd ;IS 

Now the equivalent disturbance torque T,, (s) can bc written as" 
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The t m i s  on the right hand side represents the cxtenlal load torque, torque due to parameter 
variation ;111d the torqu~ v;iri;hor~ c i i ~  to f lux vector control failure and torque ripples respec- 
tively, From cqtlatiow (0. I l ;mi (6.2), 

'Thc cstir~xtte of ihturbiincc ttrrcluc is constructed by using a low pass filter [1/(T,,.s+l)]. This is 
an obser\w tipith 'I:, a s  the obscr \~r  time co11st;mt 16). By block diagram simplification, the fol- 
lowing tr;~r.iskr. filizc6it)ris i H t  calculated. 

shows that the Cf;)'n;mi~~ of the system ilx not been changed for the controller design point af 
view. 

esign of robust ctrntrollrrs for PMSM drive 

For designing the optimal co~itn~llers, it is assumed that an exact state variable description of 
the plant lo he amtnAIed is ;wuilable. However in practical situations, the actual and the model 
pllillf will IICVCT be identical. Some of the parameters such as stator resistance, rotor mechanical 
inertia, rotor frictional coefficient, may be at variance with respect to that of motor model, 
which could lead to deterioration in performance and stability. Therefore it is important to con- 
sider the stability robustness and performmce robustness for designing optimal controllers. 
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where iS. represent the maximum singular value, S is the sensitivity func~ion. S = ( I  + (;,,G,)-I, 

T =  G,G,(I+ G&)-I; the cosensitivity function and G,,,G,. are transfer functions of plant and 
compensator respectively. In the present design, it is desired to keep tlw ~rtrckirlg rrmr stvzall 
the face of the measuremerzt noise. To ensure small tracking error, S(if.01 should be small at 
those frequencies where the reference input r(t) and disturbance d(t) art: I~trgc. This will yield 
good disturbance rejection. On the other hand, for satisfnctory sensor noise rqjcction, the cos- 
ensitivity TW) should be small at high frequencies say at o,,'.". 

- 
This is guaranteed if o (GpL,GJ << 1,  jor > = a,, (7.1) 

To guarantee stability robustness in the face of plant modelling uncertainty, it is given tllat 
the cosensitivity T(jo) should be bounded above by the reciprocal of the n~trltilplicntivc model- 
ling discrepancy bound m(C0). i.e., 

If the worst case uncertainties in the parameters like stator resistance, n~tor m~hi in ica l  irrcrtiit, 
rotor frictional coefficients etc. are known, then the upper bound m(m) car1 he found fr~rotn 

M W )  = (G,'" - G,,) G,, ' (7.3) 

where G," represents the actual plant. 

In this paper, the worst case uncertainties in the pnramcters consiciorcrl u e  50% t 0  S W %  of 
rotor inertia, 50% to 150% of stator resistance and friction ccrcfficicnts. Norrmlly the stator 
resistance variations of a PMSM are very small, less than I O %  of thc norminnl valuu and the 
stator leakage inductance variation is almost nil. 

The Fig.7.1 shows the stability robustness graph of the ir~ner current loop of the PMSM 
servo drive considering the assumed worst case uncertainties in the pnranlcters at a rotor ?;peed 
of 300 radsec. Fig. 7.2 (a) and (b) shows the stability robustness of the outer speed loop of the 

Tabk I 
The role of sensitivity and complementary sensitivity in classical contml 

Property desired S or T constraints - 
Tracking Cr (S) small 
Disturbance suppression 5 ( S )  small - 
Noise suppression 1(T (T) m a l l  
Control magnitude limitation (S) not sn~dl  when 5 (G,,) is small 5 (S)  ?;mull 
Sensitivity to structured plant parameter variations g (S) s m d  
Sensitivity to unstructured multiplicative uncertainty 0 (T) small 
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I /rn(jo~) - Robustness bound 

I I/m(jtt)) - Robustness bound I 

I'MSM drive using difli.reot valuus of optimal gains at 300 radlsec. As seen horn the equation 
(4. I 1. since a), ;~lso forms a port or the system matrix, the matrix A as well as the optimum feed- 
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isd loop proportional gain Kpd 

-26 I I I 1 t I 1 

00 50 100 150 200 250 300 350 
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~ s q  oap proportianal gain ~ p q  --/---- { 

speed in radkec 

-1000 

FIG. 7.3 Optimal controller gains at various speeds 

Ls, 

- Isq loop integral gain ~i~~~ i 

back gains of the system will vary with a,. Hence the robust optimal Seedhack gains CII' the PI 
controllers should be found at various speeds. Accordingly, thc optirmX ooritrol1t"r gains com- 
puted at various rotor speeds are pictorially represented in tllc Fig. 7.3. 

The gains corresponding to speeds other than that marked in the Fig. 7.3 can he crhtaineti 
through interpolation.. Alternately, a constant feedback gain which is optiruum fbr LI piirticular 
speed (for example corresponding to the rated speed) can also hc used Jirr other rttfcrence 
speeds. But these gains may not be optimum at other ret'erence speeds. Howcver thcy result in 
stable closed loop system for PMSM drive over the entire range of speeds. It is verified mi i1n 
example is shown in Fig. 7.4. The Fig. 7.4 illustrates the stability robuancss ijf the inner current 
loop of the PMSM drive at different speeds using the optimal contmller gains correspooding to 
a reference speed of 300 radlsec. It is evident from the Fig. 7.4 that even tho\@ thc m:ignitucle 
of the robustness bound change with rotor speeds, the maximum singular value o f  the ajsensi- 
tivity function Tuw) is well with in the bound and hence the closed loop systenl is st:ible at all 
speeds. 

The Fig. 7.5 shows the stability robustness of the speed laop in the f. LKC of the motor me- 
chanical parameter variations at different speeds using the gains co~~esponding to the rotor 
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FIG. 8.1. Response of the drive using optir11iil coutrollcss 

Frequency domain information is very uscf'nl in output ketlhack design r~lcthc\cts Sor cfctu- 
mining robustness to disturbances and stability in the f x c  (91. ui~n~rdcl le i i  dyn;wics, i t  also 3s- 

sists in deciding the fineness of the gain scheduling such ;is low fretpcncg hcrtlntls ti)r the pi- 
rameter variations as [he state varies from the nominal operating point. While r k  classic:iI con- 
trol method concentrates primarily on the tracking pmblem, thc oi=~tin~;tl c(~tltn,l i ~ ~ t l i o d  concen- 
trates both on the tracking and regulation problem. Also in trptimd contrtrl nwtIrocis. wnstr~dnts 
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