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ABSTRACT

The dynamics neglected during the identification of the process, the variation of stator resistances and cyclic inductances induce
a difference between the process and the nominal mathematical model.

These drifts are due to the temperature, the saturation of the magnetic circuit and the skin effect. In this case, the traditional
methods such as Bode design, Nyquist design, and Nichols chart design fail to satisfy robust stability and performance. To solve this
problem, an efficient robust method called the H,, design method is used. This approach permits to achieve a successfully designed
control system, which is able to maintain stability and performance level in spite of uncertainties in system dynamics. In this article,
we present the field orientation control (FOC) of the permanent magnets synchronous machine (PMSM) fed by a voltage source
inverter with regulated currents on the d and q axes.

The field orientation control conmsists in regulating the flux by one component of the current and the torque by the other
component. So, it is necessary to consider a reference frame attached to the rotor with direct and quadrature axes and a control law
that ensure the decoupling of the torque and flux. In the case of the permanent magnets synchronous machine, if the current i, is
maintained null, the stator reaction flux is in quadrature with the flux produced by the permanent magnets, then the torque
becomes directly proportional to the current iy, and the model of the machine becomes equivalent to that of the DC machine. As a
result, the model of the PMS machine is divided into two independent SISO systems.

Keywords: stabilisable, detectable, spectral radius, singular value, infinity norm, uncertainty, robustness.

1. INTRODUCTION

A PID controller is designed to control the rotor speed.
It delivers the reference current ij,. Two H., optimal
controllers are designed, one controls the current iy and
the other controls the current iy. To design the H,, optimal
controllers, we use the state-space approach to solve a
standard H.,, problem [8, 9, 10, 11], which is to find an
output feedback controller K(s) so that the H,, norm of the
closed-loop transfer function is strictly less than a
prescribed positive number y:

P(s)

K(s

Fig. 1 A feedback system.

|z | < 7 (M)

The results are obtained under the following assumptions:

The existence of the controller depends upon the
unique stabilizing solutions to two algebraic Riccati
equations being positive semi definite and the spectral

Al (A, B,) is stabilisable and (A, C,) is detectable;

radius of their product being less than y*. The feedback
configuration is shown in Fig.1, where P(s) is a linear
system described by the following state space equation:

x(t) = Ax()+ Biw(@)+ B2u(t)
Z(t)=Cix(t) + Duw(@)+ Duu(r)
y@®)=Cox(t)+ Daw(t) + Da u(t)

@)

where x(t) e R" is the state vector, w(t) € R the
exogenous input vector, u(t)e R™> the control input

vector, z(t)e RP' the error (output) vector, and

1(t) € RP2 the measurement vector.

0
S aperes

A3 {A_FUI B
1 D>

has full column rank for all 0,
|: Jol B

} has full row rank for all .
G D2

2. THE PMS MACHINE MODEL

The model of the PMS machine can be described by
the following equations expressed in the rotor reference
frame (qd frame):

Vi = § l'd+deTitd—a)Lqiq 3)
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Vg = rsiq + Lq% + a)Ldid + a)¢f (4)

Te=3p(riy+ (L= Ly)iaiy) (5)

O=po,

The mechanical equation is given by

da)r _ _ o 6

J dt - TC F a)l TITL ( )
deo

o = 22 7
7 (M

To have the two axes d and q decoupled, the terms
oLqiq and (oLgiq + ¢¢) are neglected from the expressions
(3) and (4), respectively. The model of the machine
becomes:

. did 8
vao = 1 ia + La< (®)
tw=m@+@%¥ )

Each coupling term is added to the output signal of
the corresponding current controller (Kq(s) or Ky(s)), in
order to obtain the reference voltages vq and v, as shown
in Fig.1 and Fig.2.

fffffffffffffffffffffffffffffffffffffffffff

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fig. 3 Reference voltage (v,) generation.

The entire block diagram representing the field
orientation control (FOC) of the PMS machine is shown

in Fig. 4.
L PwM| T Tovsm
da/abg Inverter Q

labc/dq

f

Fig. 4 FOC of the PMS machine

3. H, DESIGN OF CONTROLLERS
3.1. Solution formulae
Theorem 1. [2, 5, 6, 8] With P(s) satisfying the

assumptions A1-A4. There exists an internally stabilising
controller K(s) such that

||FL(P,K) ||OO-< y if and only if
(a) max(E[D”” D1|12 ]> 5( [DH]]T D112IT T)) =7

where & denotes the largest singular value of the
corresponding matrix,

D sz}
D =
a |:D1121 Diin

and
(b) there exist stabilising solutions X = 0 and Y 20
satisfying the two algebraic Riccati equations

corresponding to the Hamiltonian matrices H and J,
respectively, and such that

p(XY) < ¥

where p(«) denotes the spectral radius.

The H,, solution formulae use solutions of two algebraic
Riccati equations.

Let’s define

B=[B1 B:] (10)
c=[a’ '] (11)
D,=[Di1 D] (12)
T
zn=b{ DJ] (13)
yr, 0
Rnh:DlsTDls - mi :l (14)
0 0
2
7. 0
R.j=Dy Dy’ - 7ip (15)
0 0

Assume that R, and R,; are nonsingular. We define two
Hamiltonian matrices H and J as

b {A 0 } { B
- -c'c, -4 -C/'Di;
Ex

_WX
_Qx _ExT

AT 0 cr
J= ., - ,
—BiBi' —4| |-BiDy

}Rﬂ; bic, #]

(16)

:an_,Tl[DslBlT c]
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Ey _Wy
J= 17
[_Qy ~Ey } o

The stabilising solutions X and Y are symmetric matrices
that solve the algebraic Riccati equations (18) and (19)

respectively and are such that EF,.-W,Xx and
E,—W,Y are stable matrices

EXTX +XEx_XWxX+Qx=O (18)
EJY +YE,~YW,Y+Q =0 (19)

Based on X and Y, a state feedback matrix F and an
observer gain matrix L can be constructed

F=—Ru (DJC, +B"X) (20)
Fu
F
L
2 F2
L=-(BDy" -YC")R,} 1)
L=[L L]=[Lu Ln L] (22)

Theorem 2. [2, 5, 6, 8] Given that the conditions of
theorem 1 are satisfied, then all rational, internally
stabilising controllers, K(s), satisfying
| F1 (P(s),K(s) | g 7 aregiven by

K(s)=F, M,0)

For any rational ®(s) € H., such that || D, || <7,
o0

where M(s) has the realisation

A4 B B
M(s) =\ ¢y Du Dn 23)
Cy Du O
and
D11 = (721p1—m1 - DiniDun’ )™ D
D1 = ~Duai DinID11 = Dy 24)
D12 = (7211111—]?2 — Diid D )™
T,=1,,, = Dina2 TD12Diia” T,=Ty
1312 is the Cholesky factor of T, (25)
D21 =(7" 1)) o = Dyt D’ )
T;=1p, = Dy, TD21 Dinya
[)21 is the Cholesky factor of Ts. (26)

Z=(1 - 7 ¥x)"!

B,=Z(B, + Li») Dy 27)
Co=—Dn(C, + F1») (28)
Bi=—ZLr+B:Di2' Dyy (29)
Ci=Un(F,+ DD Cs (30)
A=A+ BF + BDy, Cs 31)

@(s) is chosen to be 0, then the corresponding suboptimal
controller called the central controller is given in state-
space form:

K(s){f1 B‘}

. (32)
Ci Dn

3.2. Selection of weighting filters

The transfer functions of the plants in the d and q axis
are derived from equations (8) and (9) respectively.

1
Gals) = ——— 33
d(S) 7s+ sLy =
1
G,(s)=——— 34
q(S) rs+ SLq ( )

To start with the H,, design, let’s consider the block
scheme of the configuration in Fig.5, where G(s)
represents the transfer function of the plant. K(s) is the
controller to be designed. The control objective is to make
the output i, follow the reference, i.;, as closely as
possible.

jre i()
: K(s) "

o)
—~
w2
~

v

Fig. 5 Feedback configuration

Using the system in Fig.5, we have,
- For the feedback configuration in the d axis:

io(t) = 14(1),

iref = idra
G(s) = Gq(s),
K(s) =Kq(s)

- For the feedback configuration in the q axis:

15(t) = i4(1),

iref = iqrs
G(s) = Gy(s),
K(s) = Kq(s)
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Remark: In Fig.5, Only the systems Gq and Gq are
considered because the static gain of the inverter is taken
equal to 1, saturations, voltage drops and delays due to the
inverter are neglected .

By incorporating weighting filters to output signals e,
u, and iy in the closed-loop configuration of Fig. 5, we
obtain the configuration diagram of Fig. 6. The error ¢ is
weighted by the filter w,(s), the command u by w;(s), and
the output iy by ws(s).

€4 73 €3

W, (s)ﬂ W, 5) M ﬁws (s)}|

K(s) L

Fig. 6 Introduction of weighting filters

e1(s) =wi(s) S ()i, (5) (35)
€5 (5) =W (5) K 4 (5)S(8)iyey (5) (36)
e5(5)= w3 () G, (5) K o (5)S()iyey (5) (37)
S(s)=(1+GK )" (38)
T(s)=GKS (39)

S(s) and T(s) are respectively the sensitivity and the
complementary sensitivity functions. Let y be chosen as 1.
The H,, control design will be formulated in such a way
that an optimal controller will be designed such that the
closed-loop transfer function satisfies the infinity-norm
inequality:

w1 S
..l =[mKs| <1 (40)
o0
wsT 0
The inequality (40) implies that
VoeR | S(jo)|< _ (41)
‘ Wl(jw)‘
1
VweR |K(ja))S(ja))| -<m (42)
PAVAZ
VweR |T(ja))|<; (43)
‘ W3(ja))‘

The selection of the weighting filters for the feedback
configuration in the q axis is as follows:

The filter wi(s) was selected so that the Bode diagram of
1/ lwi(jo)|:

1. intercepts the 0-dB axis at the frequency 156
rad/s so that the open-loop transfer function
bandwidth will be close to 156 rad/s,

2. presents a gain of 1.51 at high frequencies in
order to limit the H,, norm of the sensitivity S.
This imposes a stability margin of at least 0.66.

3. allows the tracking of the reference input by the
output with a static error less than 0.01%.

1 (s + 177.3493)

M) =5 TG 001)

(44)

The control weighting function w,(s) is chosen simply as
the scalar function:

1 + 107s

S (45)
1 + 2107

wa(s) = 0.5

The filter w; is selected so that the gain of 1/|ws|is 6
dB at low frequencies and the attenuation is 80 dB at high
frequencies. The frequency at which the Bode diagram of
1/|ws]| intercepts the 0-dB axis is 235 rad/s.

s + 135.68
s + 2713510%

ws(s) = 104 (46)

The weighting filters for the feedback configuration in the
d axis are:

1 s + 68.7386

_ 5 *0%.05% 47

wils) = T 0.0040 “7)

s + 1000
5) = 252 % 48
w2 (5) s + 50000 (48)
5773503
ws(s) = 10% 220220 (49)

s + 1.1547 107

3.3. Design of the controller K,

Comparison between the block diagrams of Fig.1 and
Fig.6 gives:
- Inputs: w(t)=14-(¢)
- Supervised signals: z(t)=[€1 ) ex(t) es(®) ]T

- Input of the controller: y(¢t)=e(t)
- The controller output is u(#) in Fig.1 and Fig.6.

The representation (1) used to solve the H, problem is
obtained by considering a state representation for each of
the following transfer functions Gg(s), wi(s), wx(s), and
ws(s):

Gqy(s): (input u, output ig):

X1=-2142857Xx, + u

, (50)
14=357.1429X; + Ou

wi(s): (input e, output e,):

)'62:—0.0117)62 + e (51)
€1=1174421x, + 0.6623¢
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wy(s): (input u, output e,):

X3=-510*X; + u

(52)

€,=122510°x3 + 25u
ws(s): (input ig, output e3):

X, =— i

4=-271.3546Xx4 + Iq4 (53)
€3=271.341010%x, + 107,
The error e(¢) and the state vector x(¢) are:

e(t) =i, (t) —1g(t) (54)
x =[X1 X2 X3 X4]T (55)

Finally, we get the state representation (1) from the above
equations. The matrices A, By, B,, C;, Dyj, D13, Cy, Dy,
Dy, are given as follows:

2142857 0 0 0
3571428 —00117 0 0
A= \ (56)
0 0 —510 0
3571428 0 0 —271354610*
Bi=[0o 10 0] (57)
B,=[1 01 0]" (58)
2365184 -117.4421 0 0
C = 0 0 -1225100 0 (59)
357.142910° 0 0 -2713410"
Dy =[06623 0 0]" (60)
T
D =[0 25 0] (61)
C,=[-357.1429 0 0 0] (62)
D> =1 D»=0 (63)
YOI T4 B B[
z(t) | = | Ci D Dial|ig-(®) (64)
y(@) Cy2 D21 Dxn || u(?)

The system data given is not in the normalisation
form. In order to apply theorem 1, certain transformations
must be used first. Using the singular value decomposition
(SVD), we find orthogonal matrices Uj,, and V, such that

pe 0
UpDnVy, = S (65)

U12D12V12T21271:[0 0 I]T (66)

U12: 0 0 1 V12:-1 212:25
0-1 0
U |- 00
U12_{U122 Un={ 0 0 1
U= -1 0]

The orthogonal transformation on D, is not needed since
p2=m and p; > m,.

The normalisation of P(s) into P(s) is based on the
above transformations, and is obtained as follows:

§1:Bl
Ez =B, Vs,

C,=UnC

62:C2

D1=UnDn
D=U, Dy V12T212_1

Dy1=D2

(67)

=l o 1]"

D11 canbe partitioned as follows:
) _[51111 51112}
" Din Dux

Dip=[-0.6623 0]"
B:[El Ez]
c=lem af

5112220

In order to apply theorem 1, the matrices in the general
form (matrices without bars) of P(s), used in section (3.1),
are replaced by matrices in the normalized system

data P(s) (matrices with bars). P(s) is the normalised

system in the q axis.
The first condition of theorem 1 is satisfied since we have:

_ _ T
maX(O'[Dlm Diiz ], O'([DHHT Dnle] ))=0.6623 <1

Matrices Ry, and R, are given by equations (14) and (15),
respectively.

_[-05614 0
Rnh_ 0 1

-05614 0 0 -06623
0 -1 0 0
0 0 -1 0
-06623 0 0 1

an=
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R and Ry are nonsingular. This condition implies the
existence of the two Hamiltonian matrices H and J, given
by equations (16) and (17).

The stabilising solution X that solves the Riccati equation
(18) is denoted as

Ex _Wx
X = Ric T
_QX -E,
23521 -0.17 1001 —~17.8410°
Y10t | 7017 008 -292 -3324
10.01 -292 20322 —-299210°
1784210 -3324 -29.92110° 135.5610°

The eigenvalues of the matrix X are:

A1=1.355610"  1,=203.3817 10*

A3=2508 Aa=1

X is positive definite.

The stabilising solution Y that solves the Riccati equation
(19) is denoted as

E, W
Y=Rd .
_Qy _Ey

~

Il
S O O O
S O O O
S O O O
S O O O

The eigenvalues of the matrix Y are:
AM=Ar=A3=44=0
The matrix Y is positive semi definite.

The eigenvalues of the matrix F, —W, X are

A1=-2.7173 10°
A;=-167.4581 — j65.6802

A2=-167.4581 + j65.6802
A4=-2807.3204

The eigenvalues of the matrix g , —W,Y are

A,=—214.2857
A3==50000

1,=—0.0117
A,=-271.3546 10*

The matrices £, —-W, X and E y,—W,Y are stable since

the real parts of their corresponding eigenvalues are
negative.
The spectral radius is

PXY)=0<1(@F*=1).

The conditions of theorem 1 are satisfied, then the
controller K, is computed by applying theorem 2.

By using equations (20) through (32), we obtain the the
following results:

A

Dy, = —Di121Dii1t TD11 — D = 0
I'=ly, - D 7p12D 1t T, =T,'=1
Dlz is the Cholesky factor of T,: Bu =1
T3:IP2 B 5merDzl51112:0'5614

1521 is the Cholesky factor of Tj: 1521 =0.7493
1 0 00

Z=(I, - 7_2YX)*1 _ 01 00
0010
0 0 01

B,=2(B,+ L) D,,=1-004 0 -0.04 0]

ézz_Dlz(gz + F12)

C>=10%[0.3795 -0.1650 5.2171 59.2236]
A AoA ] A

Blz—ZL2+BzD12 D11:[0 1 0 O]T

. C a ia

Ci=Un(F,* DDy C,

C,=10*[-0.3923  0.0049 45588 2902.6445]

~ A A —]A
A=A+ BF + B1Dy C»

04137 00049 45588 2902.6445
it © -1.174510° 0 0

03923 0.0049  -04411 2902.6445

0.0357 0 0 -2713546

The suboptimal controller called the central controller is
given in state-space form:

A

Kq<s>=1<<s)=[ 4 ﬂ
1 Dn

The corresponding transfer function is given by
49.70(s + 2.71410%) (s + 510%) (s + 214.3)

(68)
(s +2.71710%)(s +0.01174)(s>+ 47935 +6.10410°)

K, ()=

The open-loop transfer function L(s) is given by equation
(69).

L(s) = G,(s) K,(5) (69)
The frequency response of L(s) is shown in Fig.7. The
gain margin is 31.2 dB, it occurs at the frequency 2600
rad/s. The phase margin is 83.7 degrees, and it occurs at
145 rad/s. The stability margin M,, is

b
Is]

0

M, - inf{ |1 + L(jo)| /o varies} = =0.92

The steady state error is given by:
€= 1 =8107°< 10*

B 1+ lim (L(s))
s —>0

ISSN 1335-8243 © 2008 FEI TUKE



Acta Electrotechnica et Informatica Vol. 8, No. 1, 2008

57

Open-loop transfer function L(s)

Magnitude (dB)
8

|
[ [ [ [ |
[ [ [ [ |
_1m,,\ 1 1t At I
[N [ Lo [ [
[N [ Lo [ [
-150! Lo L Lo Lo Lo Lo Ll
-45 R e e e L e e
[Nl [ R Lo [ AR [
—_ -90| | L M B o M i e W B3
g [Nl [ R [ [ AR [
o -135F —I— I+t I — + + H R — i N e i e W b1
~ [Nl [ R Lo [ [
3; -180F — I =1+ HIH#l — + + H HIF — -
© [Nl [ R |
i 225 —I =14 1HIH — + + HHIF — = HHTHI= =~ 4]
[Nl [ R Lo [ AR [ R
_27077\7\4\4Hl\7J.J.LH-ULLfLL\LH-U\f7\7\4\L\M74L1—H-UL
10° 10’ 10° 10° 10" 10°

Frequercy (rad/sec)

Fig. 7 Frequency response of (L(s))
The transient response to reference input iy, is given in
Fig.8, the settling time is 0.025 second, and the rise time is

0.013 second, the maximum overshoot is 0%.

Step response

— - — —_— — - = - — F — =
{ | I |
ooff -~ Al [ B
o8 — — f—:—\————:— ————— :——————: ——————
[ A T D T Lo [ I
~ 07
< J( T\ ‘ | | |
g oo T
2 o.sT ——T—\—‘————Jr ————— -—-—-- H- - ===
o | | | |
o4aFf-——q-————t-—————F———— 94— ——— —-
g T l |
_50-3"’**‘*7*****\* ***** [ E
| ‘ | | |
) [ R [
| |
o1 ----—- e e
| | | |
o 1 ‘ 1 1 1
o o.02 0.04 0.06 o.08 0.1
Time (sec)

Fig. 8 Transient response to reference input

The conditions 41, 42, and 43 are satisfied as shown in
figures 9, 10, and 11 respectively.

1/ w; and S

Megritude (dB)

Fig. 9 | S |and its bound 1/ | w |

1/ w, and K;S

Megritude (dB)

7S e N
i KT ——1—
‘O —— - - ———— - - === === ——=>xc -1
of —mm e m e - R
80 ————— — — — T-———————-- =
I I
-0
10° 10° 10" 10°

Fig. 10 | K,S | and its bound 1/ | w,

Iy‘l\,tgmm«ﬂ
EEEE RN

-160!

Fig. 11 | T | and its bound 1/ | w3 |

3.4. Design of the controller K,

The controller Ky is designed by applying the same
procedure as in section (3.3). The data is taken from the
plant in the d axis; this consists of the system Ggy(s) and
the weighting filters w(s), wy(s) and ws(s) given by
equations (24), (25) and (26) respectively.

The transfer function Ky(s) has been computed. It is given
by:

_ 2.7364(s +1.15510%)(s + 510%)(s + 428.6) (70)
4 (5 +1.15510%)(s + 0.0040)(s2 + 24285 +1.58410°)

The system with Ky achieves the following
performances:

- In the frequency domain, the gain margin is 32.3 dB, it
occurs at 1290 rad/sec. The phase margin is 84.7
degrees, it occurs at 61 rad/sec.

- In the time domain, the settling time is 0.059 second, and
the rise time is 0.032 second.

The steady state error is given by:

1
eSS: PN
1+ lim ( L(s))
s—0

=6.6107°

The stability margin M, is

My, - inf{ |1 + L(jo)| \ @ varies } = =0.95

1
I's
3.5. Controller-order reduction

The order of the controllers K, and K4 can be reduced to
the third order. The transfer functions become:

(s+510%)(s+2143)
s(s% +4793s +6.104 10°)
2.7364 (s +510%) (s +428.6)
s(s? +24285+1.584 10%)

K = 49.7026 (71)

dr (72)

4. SIMULATION RESULTS

In order to perform the simulation using the system of
Fig.4, the speed controller is a PID controller with the
following coefficients:

Kp=10.5045, Kp=0.0045, K;=0.5
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The global system shown in Fig.4 is tested by
numerical simulation. The input m.¢ is a step function
with magnitude 175 rad/s. The mechanical torque applied
to the motor’s shaft is originally 0 Nm. First, we consider
the nominal models in the d and q axes. Figure 12 shows
that the electromagnetic torque climbs to nearly 14.3 Nm
when the motor starts and stabilizes rapidly when the
motor reaches the reference value. The mechanical torque
steps to 3 Nm at instant t = 0.08 second. At this instant,
the stator current iy and the electromagnetic torque
increase to maintain the speed at its reference value Now,
let The time constants of the plants vary by 50% of their
nominal values, given below:

Tq = Q=2.3310_3S, Tq = L"

v, r,

=4.6610" s

Fig.13 shows that the electromagnetic torque T, the
stator currents iq and iy produced, when the time constants
vary, do not differ from those produced under the nominal
plants.

The oscillations of the current at the point of a load-torque
step in Fig.12 and Fig. 13 are due to the fact that the
differentiator portion of the PID controller is a high-pass
filter, which usually accentuates any higher frequency
noise that enters the system.

Electromagnetic T, Torque (N.m)

T T
o[\ - - - m- - - - i B B e i
B I
o ol _ d__Jd__Jd__1__1__v+__]
] | | | |

Bt 7 At e il ey TSt Rt tiosieiribodiotindbetiolroltiots|
2] I e Bt Sl Ml el

e A — - — =

L L | 1 1 1 1
6006 o008 01 o012 o014 016 o018 o=

Time (sec)

Stator Current i  (A)

20,
| | | | | | | | |
| | | | | | | | |
15— -] -—-4 -4 -4+ - =+ - =t - =
| | | | | | | | |
| | | | | | | | |
1o — | e e e
| | | | | | | | |
o - ,,L,J,,JF N O R N I
| | | [ &l T T T T
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o | | I I I I
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Fig. 12 Currents, torque and speed (nominal plants)
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Fig. 13 Currents, torque and speed (variation of time
constants)

5. CONCLUSION

The performance weighting function w(s) ensures the
following performances:
- Good transient response; with the Ky controller, the
settling time is 0.059 sec and with the K, controller, the
settling time is 0.025 sec. The difference is due to the fact
that the bandwidth of the system with K4 is 50 rad/sec and
that of the system with K, is 145 rad/sec. A larger
bandwidth gives rise to a faster settling time.
- The steady-state error with Ky is 6.6 107, the steady-
stat4€ error with K is 8 107°. Both errors are smaller than
10™.
- The stability margin which indicates the robustness of
the closed-loop system against the errors of the model is
0.95 with K4 and 0.92 with K. Both margins are greater
than 0.60 and 0.66.
The results suggest that the sensitivity S should be
penalised heavily at low frequencies to achieve good
reference tracking and performance robustness. According
to the simulation, although the time constants of the
models vary by 50%, the stability and performance are
maintained within acceptable limits. The H, design
produces high-order controllers.
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6. PARAMETERS OF THE PMSM MACHINE

The parameters of the PMS machine are:
Li=1.4mH, Lq=2.8 mH, rs=06Q [
P=4, ¢/,:0.12 Wb @,,=230rad /s,

qmaxZZOA’
T, =85Nm
J=1.1110"Kgm?, F=1.410" Nm/rds™".
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