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In this study, an adaptive nonlinear sensorless controller for doubly fed induction generator
(DFIG) driven by a wind turbine is proposed. The aim is to maximize the extracted power
by tracking the wind turbine optimal torque-speed characteristic without the need for rotor
speed measurement. This controller ensures a satisfactory tracking of both stator flux and
rotor speed. It considers the detailed model of DFIG in an arbitrary (d—q) rotating frame
without any simplifying assumption. An observer provides the rotor speed estimation
incorporated in the control loop. To guarantee the system stability under parametric
uncertainties like the aerodynamic torque and the rotor winding resistance, which harms
the efficiency and the robustness of the controller, update laws are established to estimate
the uncertain parameters. Lyapunov’s theory is used to prove the system stability. The
proposed adaptive sensorless controller validity is demonstrated by simulation in
Matlab/Simulink environment. The robustness of the controller is confirmed by the
comparison between the same controller with and without adaptation.

Adaptive control projection
operator
Lyapunov Theory

1. Introduction

Recently, using wind energy to produce electricity has been
gradually grabbing the attention of many researchers, thanks to its
cleanliness and dependability. Because of its smaller power
electronic components rating and its wide speed operation range,
the DFIG is seen as the most used wind turbine generator [1-3].
The DFIG rotor windings are connected to the electrical grid via
rotor and grid side converters (RSC and GSC) and RL filter,
whereas the stator windings are immediately related to the
electrical grid as illustrated by Figure 1. In the last decade, many
researchers giving much focus and interest to the field of sensorless
control of DFIG-based wind turbine (DFIG-WT)[4-7]. In this
control strategy, the DFIG-WT systems operate without the need
to use the speed sensor, which lowers the whole system cost and
enhance its overall reliability by minimizing the number of
components that are susceptible to failure.

There has been some research about sensorless control using
proportional-integral (PI) loops such as [8,9]. The latter mainly
relied on assumptions that the flux or stator voltages are constant,
and the stator resistance is negligible. However, these assumptions

*Corresponding Author: Radouane Ourhdir, radouane.ourhdir@edu.umi.ac.ma

www.astesj.com
https://dx.doi.org/10.25046/aj050658

are useless under grid faults or load variations. Furthermore, the
small resistance of the stator may cause an incorrect damped
dynamics of the stator flux [10].

RSC GSC RL
L LWV
A [ F |
Control Control
RSC GSC

Figure 1: Schematic representation of grid connected DFIG-WT system

For the most control strategies, if the actual values do not
correspond to the parameters and variables of DFIG-WT used in
the control law, it could result in a failure of the closed-loop
control. So, when some parameters and variables are difficult to
be measured, some strategies based on estimation theory are
important to generate a pertinent control. The frequency, the
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temperature and the magnetic saturation may cause the change
of DFIG parameters [11]. Therefore, the online parameter
estimation or disturbance observer is compulsory to have high
precision control.

Much research has addressed the control of DFIGs during
parameter variation [12—14]. On the other hand, the modeling and
the control of WT is not an easy task, particularly when large
scale WTs, in megawatts, are considered [15,16]. Hopefully, to
minimize the drive train vibration and to develop the quality of the
extracted power, some works use the estimation theory in order to
take into consideration the uncertainties arose from the
aerodynamic torque, particularly in the stage of the maximum
power point tracking (MPPT) [17].

The main focus of this work is to elaborate an adaptive
sensorless control for the rotor side converter (RSC), this controller
takes into consideration the detailed model of DFIG. Update laws
in real-time are established to deal with the parameter
uncertainties. To preserve the objectives of the MPPT without the
need to use rotor speed sensor , a speed observer is incorporated
in this controller. The remaining of this research paper displays as
follows: The second section revolves around the model of the
DFIG-WT system. The third section puts forward the suggested
nonlinear controller: For the start, we present the proposed rotor
speed observer. Afterward, we introduce our sensorless controller
design, and we point out to the control laws of DFIG, and update
laws for the speed observer, as well as the estimated rotor
resistance and aerodynamic torque, which are competed using the
Lyapunov theory. The last section considers simulation results and
discussion. At last, we wrap up by drawing some concluding
remarks.

2. DFIG-WT model
2.1. Wind turbine model

Based on wind turbine aerodynamic[18], The power captured
from the wind can be expressed as :

P =2 prR? Cp(h AV (1)

where p is the air density, R is the blade radius and v is the wind
speed. The wind power coefficient (4, g) depens on the design

the blades; is a function of pitch angle £ and tip speed ratio A
(TSR).
where:

R o
o (2)

In which @ is the mechanical generator speed and G is the gearbox
ratio. In the basis of the wind turbine design [18], the expression
of power coefficient is:

Colt ) = auE — aff o) (-2 + G ©
1

1=

where:

1 1 0.035

G A+0088  Bi1
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The coefficients ci-cg are listed in Table 1.
Table 1: Values of coefficients c1-c6
(o] Co C3 Cy Cg Cp
0.5176 116 0.4 5 21 0.0068

When the pitch angle B remains unchanged, there is an
optimum tip ratio 2 = Aqpe that maximizes the power coefficient

Cp In this study, we assume that g = 0.So the MPPT is achieved
by the control of the generator speed. Conforming to (2) the
mechanical speed that optimize the extracted power is:
+« G
o = —%pt v
Rt
2.2. Induction generator model

Employing the flux-linkage and voltage equations of the
induction generator [19], the state variables of DFIG in an
arbitrary reference frame rotating at speed oy include d-q rotor

currents and stator fluxes igr, iqr, @ds, ¢qs» and generator speed

 .The considered 5th-order state-space representation of DFIG
can be expressed as:

4)

do .
Tds = Uds — a@gs + @o@gs + aMigy
degs .
d? = Ugs — @@gs — @o¢ds + aMigr
di 1 Ry . . .
ddtr = ;Udr - ?r'dr — afMigr + (wo - a’)'qr
— Puds + afeds — Bopgs ®)
digr 1 Ry . , i
dcl =2 Yar ~ ?r iqgr — afMigr — (0o — @)igr
— Pugs + afpgs + Popds
dw _ f T'[ ( ; . )
T _Tw+ 3 H\@gsldr — @dslgr
with:
2
M M R
TN L Py S L L .
R ol L L

T; is the mechanical torque. The rest of the parameters of DFIG-
WT system are given in Table 2, Appendix B.

3. Control design
3.1. Speed observer

Achievement of MPPT strategy requires a quick convergence
of the mechanical rotor speed to its optimal value. An observer is
proposed to estimate the actual rotor speed of DFIG.

. R

A ~ T i i
b=-Fo+7- ulgqsiar = gasiqr) + 7 ©

Measurement of the rotor currents and the stator fluxes are
compulsory for the latter observer; it relies also on the estimated

aerodynamic torque T; and the term » which will be elaborated by
the means of the Lyapunov approach.

3.2. Reference Signals
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Supposing that; the d-q rotating frame is aligned with the
stator flux vector as in [20]. In our case, we consider that the stator
flux vector is associated with the d-axis of the d-q reference frame
giving:

*

?gs =0; @gs = ¥ (7)

Based on the assumption (7) illustrated by Figure 2, the
expressions of the reference signals in the steady-state condition of
DFIG can be established:

Ry Sp
g-axis

d-axis

Figure 2: Determination of angles for the DFIG in d-q reference frame

Taking into consideration the latter assumption (7), and
according to the first equation of (5), the reference of the direct
rotor current can be expressed as follows:

x v Uds 1 d¥
Idr:v_aM +aM dt ®)
From the 5th equation of the system (5), the reference of the
quadratic rotor current is established by replacing the aerodynamic
torque by its estimate and incorporating a feedback saturation
function [21], which relies on the estimated and reference rotor

speed:

* n * * -[: *
i = 1*[— T )+§az Tt do ] )

g J T
where:
01 if y > 0.1
sat(y)={ y if -01<y=<01
—0.1if y <-0.1

The saturation function sat(y) has a finite limit at infinity; it is
a linear, odd, and differentiable function in a neighborhood of the
origin. To satisfy the assumption (7), the d-q reference frame must
rotate at a specific speed @y which is expressed using the second
equation of (5):
Ugs + aMiar

> (10)
¥

wg = 6y

3.3. Control and update laws

The rotor speed sensor has some weak points concerning
robustness, maintenance, cost, and cables linking the speed sensor
and the control block. Any incorrect value provided by the rotor
speed sensor may significantly harm the defined control targets
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and it can also destroy the system stability. Besides, accurate
modeling of the aerodynamic torque is not an easy task, and the
rotor winding resistance may vary up during operation due to the
heating of the generator. That is to say that it constitutes uncertain
parameters for the model which can affect the system stability. Yet,
to ensure the system stability and maintain the control objectives
in the presence of uncertainties and without needing to measure the
rotor speed, the system closed-loop stability is examined to extract
the expressions of the additional term z used in the speed observer,

and the update laws of the estimated rotor resistance and
aerodynamic torque. In this study, we assume that the aerodynamic
torque and rotor resistance are unknown and vary slowly with time
and should be estimated. To this purpose, the error variables can
be introduced as follows:

d=w-0

Pds = ¢ds — ¥

Pgs = Pgs

idr = ldr — idr (11)
igr = igr —igr

€p = O — @

Rr = Ry — Ry

T =T -T

Using equations (5), (6), (7), (8), (9), (10) and (11) the
system of the error dynamics can be expressed as follows:

5ds = _a(zds + woaqs +aM—i:ir
5qs = _agzqs _woads +aMi~qr
= u R, . . .
lyr zﬁ_irldr _aﬂ'v“dr +(Cl)0 _a))lqr
O o
di; (12)
_ﬂuds +aﬂ¢ds _ﬂw(DqS - dCtIS
= u R, . . .
lgr :l_irlqr _aﬂMlqr (0 — )iy
o O
dige
_ﬂuqs +aﬂ(pqs +ﬂw(pds - dt
o fo T - -
(2] :_ja)+7_ﬂ(pqsldr +:u¢dslqr +/qu Iqr
e ——ie —i‘+
[0 J (o} J 77

In order to have a compact error dynamic system, the error
variables ey and ey are considered instead of iy, and 'Tqr :

- i
€d = @ds +%
4 (13)
eqg = @ +'q_r
q qs B

The error dynamics in (12) becomes:
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Pds = —(@ + M Jpgs + wppgs + afMeg
(st = —(a + apM )&qs - oppgs + afMey
; Urd ﬁr ; iqr (14)
gg = =4 — Ly, + + e, +
d o o dr [ﬁﬂqs ﬁ]m 70d
. Ur R, . i
€q = ﬁ_j' —ﬂ_;'qr —((ﬂds +%jew + 70q
é —le —£+v
@3
where
iqr
mod =~ —Cigr — aMigr + (e *w)ff(ﬂ)*wo}ﬂqs
sk 2 *
P LA Y
AIM oM dt oM g?
* i *
Mog = ——— lgr — Migr (”0‘“)%*(”‘0)0)¢’ds+0)0\1’
~ Ugs %_\P_*z[—kwsat(a) 0)+— _Tt+ *]
uy
+ 1* —kw—sat(w—w)(w—a')*)+1w*——t+w*
uy
dusd

The expression of the stator direct voltage derivative ot is

detailed in Appendix A. we construct a Lyapunov function for the
system (14) as:

(=2 , ~2 2 2) 1,2
sz(ds+(pqs+zd+zq+5/lea,
_ 2 _ 15)
/4 -y 16Rr2

+=e,lt +—T" + =
J o't Mzt 2

where A1, yand & are positive design parameters given in
Appendix B. The derivative of v along with the time gives

V= —05[5(125 + 5&5] - aMﬁl@gs + %sz+ aMﬂ[edédS + Zq&qs]
+ -F{VZ - ﬁft} + ﬁr[— ﬂ - ﬂ - éRr}
I /i
+ ew{ed ((oqs + I%J - eq[(pds + I%r) + AV — %Tt} (16)
]
BELR A F + 2 }ﬂew

J 32 72

It’s obvious that:

2 2
ed €q
(7—%5} +[7—(/’qu 20 (17)
From (17), we can get the following inequality:
2, .2
~ -~ - - el +e
[‘ Phs ~ Pds + ea s erq‘PQS]S d 2 ) (18)
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The control laws are derived as:

M
Ugr = —Uﬂ[a b ed +70d + keg }
’ (19)
aMp
Ugr = —o-ﬂ{T eq +10q + Keg }
We define the dynamics of the rotor resistance as
R | 1] eqigr +eqiqr R
R = Proj|—- =|—————| R 20
r "OJ{ 5[ oB } r} (20)

where Proj[g,ﬁr]is the projection algorithm[22], which is
specified in our case by

if Ry < Rr < Rym
if Rr <Ry andg >0
g if Rr >Ry andg <0
g{l Rén - R?
erm - (er - 51)2
g{l _ R? - Réu
(Remt + &1)” - Ré
with Ry and Ry are the upper and the lower bound values of
Ry , respectively, and & is an arbitrary positive constant such that

Rm—& 20.

. eay)
if R <Rppand g <0

} if Rp >Ry and g >0

We define the update laws of the additional term and the
aerodynamic torque as

2 i i o
¢ :l|:eq[¢ds +;]‘ed [(ﬂqs +;ﬂ if Ty <Tyy
2 i [ .
-~ g:/{eq [%S +;)—ed [(pqs +;H if T, > Ty (22)
and mgSO
dt
. Ff(T) Otherwise
TP
7 Je[(pd+idrj eq| @ +iqr if'|:<TM
=— — |- s t St
y U p ®
J igr igr )| . -
. Z:;eqfﬂds*? — €& ¢qs+? it Tt > Tim
Ty = ) (23)
and%g <0
% Otherwise
+ Pt
where:
r2 2
p(‘ft) __ Tt -Tiv (24)

252-':tM + 6‘22
with Ty is the upper bound value of T; and &yis an arbitrary

positive constant. Substituting (18), (19), (21), (22) and (23) in
(16), the time derivative of (15) becomes:
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. ~ ~ a, f
R A MU ) RPRA

¢ (25)
A f Y 52
_[?ﬁ- ]/J—ZjTtew —J—th

The time derivative of (15) can be written in the following way:

V < fmin{a,C}((/?dzs + pds e+ 92),,11(9620

(26)
A fl= 7 72

Since T and §, has been designed using a projection
algorithm (bounded), from (15) and (26) we can establish that the
functions ¢qs , &qs &4, eqand eyare bounded on [O, oo).
Consequently, from (14) it’s clear that (st , (qu €4 ,€gand e, are
bounded on [0, «). So the functions @gs , Pqs +€d » g and e, are

uniformly continuous on [O, oo), as a result, from(13) it can be
seen that igy , igr igr and iqr are bounded, and the functions gy ,

igr are also uniformly continuous on [0, «).

The closed loop of the system (14) is determined based on (19),
(21), (22) and (23) as:

5ds = —(O.’ +apM )5ds + a)O’(b_qs +afMey

Pys = _(a +apM )aqs - a)oads + aﬂMeq

. Q, R R, ~
€4 Z—[k+ 'iM ]ed _?red +?r¢ds (27)
i;r I;r D
+eqew+—ew—g—ﬂRr

R R, ~
éq :—(k-{—aﬁ'\/l jeq —?req +?r(0 —ede

qs
{roh-ts
B opf
We can put the last five equations of (27) in the following form:
x(t) = [At) + BO)IX(t) + C(t)(t)
2(t) = Dz(t) + Ex(t) + Fw(t) (28)
Wit) = Gx(t)

[0

where:

X(t) = [5ds:5qsiedveq]-r ; Z(t) = [ewnﬁr]-r; W(t):ft

and
7(a+aﬁ|\/|) g afM 0
- wg *(llJr(XﬁNl) 0 afM
Alt) = 0 0 —[k + “’ZMJ 0
0 0 0 (k + "‘Wj
4
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0 O 0 0 0
0o o 0 0 0 0
B= & 0 _& ew C= Iqir _Id7r
o _ o _ p af}
0 Re —-e, _Re _|ly +i _i‘l
o o B op
00 — fl[(/’ds + 'd_rj 2 fl(?’ds + 'd_rJ
e p) 2"
i i
00 ~ 1y tdr_ — f, 2L
oof oo

J i J i
G:[O 0 f3;(¢’qs+%] f3?[¢ds+ld7rn

with f;i =1,2,3 are bounded functions such that0 < fj <1
Since the functions pgs, ¢gs, €d . €q. e are bounded, so for all
t >ty A(t),B(t),C(t), D), E(t), F(t)and G(t)are bounded, with
|A®) < Am . |B(t) < Bm .|C(t)] < Cm . |D(t)] < Dm .

IEQ)] < Em,|FE)] < Fm , [G(t) < Gm

From (15), the function v(t) can be put into the following
inequation:

2 2 2 2 2 2
o L G R [ R e
The time derivative of v (t) (26) can be written in the following
way:

j 2 2
V < —ag|x|” — ag|w]” + as|wl| (30)
with:
- mi - _ A A
ag = min{a, k}, ag = 17 %" _[7+J_2j

According to the proof of lermma 2.1 in [23], the origin
x =0,z = 0;w = 0 of (28) is locally exponentially stable.

4. Simulation Results

Simulation of the detailed model of 3MW DFIG-WT using
the proposed adaptive nonlinear sensorless controller is performed
in  MATLAB/Simulink environment, the parameters and
characteristics of the latter DFIG-WT along with the design
parameters are given in Table 2, and Table 3, Appendix B.

The estimation and tracking performance of the adaptive
sensorless controller is shown using a variable wind speed of
(8.5 m/s)mean value as depicted in Figure 3. To show the
robustness of the proposed adaptive sensorless controller against
the aerodynamic torque and the rotor winding resistance variation
the tracking performance for both the sensorless controller with
[24] and without adaptation at constant wind speed (9 m/s) has
been compared in Figure 4. The simulation is performed with the
variation of the mechanical torque and the rotor winding resistance
described by:
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Ty for t < 20s 180
T = 31
t {0.5Tt fort > 20s (1)

-
~
o
.
v
o

-
(0]
(=]

(32)

_ ] Ry fort<10s
"~ |15R, fort > 10s

P
N
o

From Figure 3 (a) and 3 (b) the actual rotor speed varies in
accordance with the wind speed, which confirms the effectiveness & [ wweee Estimated speed
of the MPPT. Figure 3 (c) shows a good tracking performance of 189 Reference speed
the stator quadratic current. According to Figure 3(d) it can be gy B Speed ‘ ;
noticed that the estimated torque recovers the applied unknown 0 20 40Time (3)50 80 100
torque. Similarly, from Figure 3(e) it can be observed that the
estimated rotor resistance quickly converges to its true profiles. In
Figure 4 the adaptive nonlinear sensorless controller performance 25

Rotor speed (rad/s)
6]
(@]

(b) Actual, Reference and estimated rotor

is shown by the comparison of the proposed adaptive sensorless
and the sensorless controller proposed in [24]. From Figures 4 (a)
and 4 (b) it is noted that the stator flux and the rotor speed tracking =
errors sustain small perturbations caused by the unknown rotor § 2
resistance and the unknown aerodynamic torque, but they X
converge to zero quickly as soon as the estimates of R, , and "g
Tt converges to their actual values. Whereas in the case of g 1.5
cogtrtct)]I WI':htOUt ?Idaptgtlo,r; l?gulies 4 (c) andt }ff (d) tt;e rotor spgted [y ———
an ) _e stator Tlux on’t track anymore their references atter | .. Reference stator flux
variation of the rotor resistance and the aerodynamic torque. 1 - - - : : :
0 10 20 30 40 50 60
When the actual values do not correspond to their references, Time (s)
the closed loop system is exposed to failure, which destroys the (c) The Actual and reference stator flux
control objectives. These results confirm the robustness of our
controller regarding to the rotor resistance variation along with the 500 — - : :
aerodynamic torque. £ 10000 6000 4
5. Conclusion z 6500 : 4000] Lmgorumt
S 2000 10 106 20 20.5
This paper presents an adaptive nonlinear sensorless g’ 6000
controller for DFIG-WT to maximize the wind energy extracted °
under parametric uncertainties and unknown rotor speed. The €
. ) . . . . . c 4000
simulation performed in Matlab/Simulink environment illustrates 3
the good results provided by the controller regarding the good ‘9’ 2000 = .
tracking capability of the rotor speed and stator flux, in addition to 5 _isz'mlate? value
correct estimation of the unknown rotor speed, aerodynamic 0 Gl yaud ‘ .
torque, and the rotor resistance. Also, the comparison result 0 20 4OT‘ 60 80 100
between the same controller with and without adaptation shows the ime (8)
effectiveness of this work. (d) The aerodynamic torque and its estimate
-3
10 g X 10
£
%9 S6
£ § } 6 X 10°
2 2 am
g 8 2 4
%) = 10 10.01
° S2
= <]
S 7 [
0 L 1 L 1 i
0 20 40 60 80 100
6 . . " " Time (s)
0 20 40 60 80 100 . . .
Time (s) (e) The rotor resistance and its estimate

(a) Time varying wind speed Figure 3: Comparison of tracking performance s under unknown parameters

Changes occur at t=10s AR, =50%, t=10s AT; = —50% and at t=20s
Www.astesj.com 494
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180 T ; . g
- Estimated speed

170 Reference speed |
v — Actual speed
B AVA) ' |
= 160 \\ *
o
? 150 163m 163 |
(=]
E 162{ .| #82p i

140 10 10.6 20 20.5

1 1 1 L 1 J

300 20 40 60 80 100
Time( s)

(a) Actual, Reference and estimated rotor speed with adaptation

170
= 160
ES)
o :
= 150 — Estimated speed
3 Reference speed
& 140 - Actual speed
S
ks
@ 130f =
120 ‘ :
0 20 40 60 80 100

Time (s)

(b) Actual, Reference and estimated rotor speed without adaptation

2.5 T T T " 1
[AYA
R R —
5 2.21| 2.1966/ ]
=} I\
T 2.195 2.1958 ‘
215 10 10.2 - 404 ;,
n
| = Actual stator flux
g Reference stator flux
- T 1 1 J
0 20 40 60 80 100
Time (s)
(c) The Actual and reference stator flux with adaptation
2.3 ‘ ;
S 225 1
<
=
S
(] |
& 2.2'.......... |
— Actual stator flux
1 Reference stator flux |
’ 50 20 40 60 80 100

Time (s)
(d) The Actual and reference stator flux without adaptation

Figure 4: Comparison of tracking performances under unknown parameters
Changes occur at t=10s AR, = 50%, t=20s ATy = —50%
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Appendix A. Frame transformation and ugs derivative

The direct and quadratic components of the stator voltage in the
(d, q) reference frame can be expressed as follows:

Ugs) ( cos@plt) sin Op(t)) Uas

Ugs ) (—sin Gg(t) cos Gp(t) |\ ups (A1)
where («, g) stand for the fixed reference frame and 6the
electrical angle of the(d, q) rotating reference frame to the (a, 8)

one, see Figure 2. The components of the stator voltage in («, 8)
are:

Ugos 2 - % B % Has
o J= —= |u
2 2 Cs

T

In which T is the Concordia matrix transformation, and uas , ps
and ug are the 3-phases stator voltage giving by :

U sin(wgt)
as ) 2 A 3
Ups | = V| sin wst—? (A3)
Ucs ) 27
Sln(a)st + ?j

Using the conventional derivative proprieties for scalar, vector and
matrix, we can obtain the direct stator voltage component

.. d . .
derlvatlve%used in (14). From (A.1) the expression of the

direct stator voltage is:
ugs = (cosdg(t) sin b (t){um]
Ups
From (A.2), (A.3) and (10), the derivative of ugs is given by:

dusd _ T Ugs + aMi;r — sin Gg(t)
at [Uas Ups ch]T —‘I‘* [ cos 90(t)

. T
sm[wst + Ej

+[cos p(t) sin O ()TwsVim Sin[wst - %J

. 57
sin C()St - ?

(A4)
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P and sin Got) = ——2L8

2 2
\Phs + 0 Vs + 9ps

Appendix B. characteristics/parameters of 3 MW DFIG-WT
and the adaptive sensorless controller

cos fp(t) =

Table 2: Characteristics and parameters of DFIG-WT

Parameter Definition Value
Induction generator

Prat Rated power 3MW

U Rated stator voltage 690 V
o, Stator angular frequency 314 rad/s
p Number of pole pairs 2

R, Rotor winding resistance 0.00382 Q
Re Stator winding resistance 0.00297 Q
L, Rotor inductance 0.0122 H
L Stator inductance 0.0122 H
M Mutual inductance 0.01212 H

Wind Turbine
R Blade Radius 45m
€ Gearbox ratio 100
Cp max Maximal Power coefficient 0.48
Aot Optimal Tip Speed Ratio(TSR) 814
Generator and Turbine

J Moment of inertia 254 kg.m?
f Dumping coefficient 0.24

f, grid frequency 50 Hz

U grid voltage 690 V

Table 3: parameters of the adaptive sensorless controller

Parameter Value
k 6000
Ke 100

S 70000
4 0.0098
Tim 10000
Rem 0.5R,
Rem 2Ry

& 0.001R,
& 5
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