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Stability analysis of VSC based on SISO equivalent
in current control time scale

*Yaxin Peng, Xiaoming Yuan

Abstract - Oscillations in current control (CC) timescale
(higher than 50 Hz) caused by voltage source converters (VSCs)
integrating into the weak grid have occurred. However,
relevant studies lack enough mechanism cognitions of
instability of such system. In order to guide the parameter
setting of the controllers, this paper first presents a small signal
model of VSC based on motion equation concept. Secondly, a
SISO equivalent method which can quantitatively analyze the
interaction between variables in MIMO is introduced. Thirdly,
the influence of phase locked loop (PLL) bandwidth, current
controller parameters in the d-axis and g-axis and filter
bandwidth on the feedforward branch of terminal voltage on
stability is analyzed based the SISO equivalent method, which
can help engineers to study the mechanisms of the voltage
amplitude/frequency stability. Finally, the simulations in time
domain verify the correctness of the analyses.

Index Terms-- current control (CC) timescale, voltage source
converter (VSC), SISO equivalent, stability analysis

I. INTRODUCTION

RIVEN by environmental protection, power electronic

technology progress and other factors, power electronic
to be dominated is an inevitable trend of power system
development [1]. The VSC is widely used in wind power
generation, photovoltaic power generation and other fields
because of its flexible and controllable characteristics. In CC
timescale, the problem of high frequency oscillations caused
by VSC when integrating into the weak grid has attracted
attention [2]. Many scholars have done a lot of research on
this problem. The researches can be summarized as
eigenvalue analysis method and impedance analysis method.

Eigenvalue analysis method [3] is a time domain analysis
method based on state space model, which can accurately
judge the stability of the system according to the eigenvalue.
Some useful information such as participation factor and
sensitivity can be derived. However, the analysis relying on
specific scenarios lacks mechanism cognition and is difficult
to be applied to large-scale system.

Impedance analysis is a frequency domain analysis method
based on small signal model, which is widely used.
According to the different coordinate systems used in
modeling, impedance analysis methods can be roughly
divided into three categories: the first category is the
sequence-domain impedance models established in af
coordinate [4], [5], the second category is the impedance
model established in dg coordinate [6], and the third
category is the generalized impedance model [7] with
amplitude and phase as input and output signal in polar
coordinates. For the three-phase converter grid connected
system, the two-dimensional impedance matrix has coupling
characteristics when considering the PLL dynamic or current
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controller structure or parameter asymmetry, and there is no
special symmetrical structure. The generalized Nyquist
criterion which is difficult to reflect the stability margin are
usually used. Or it is considered that the system matrix is
approximately decoupled through some assumptions and can
be equivalent to two SISO systems, thus, the universality is
limited. What’s more, equipment and network are regarded
as black box, which limits the mechanism analysis of system
dynamic problems to a certain extent.

The core goal of power system is to ensure the balance of
supply and demand of active and reactive power, and
maintain the voltage’s amplitude and frequency in a
reasonable range. The equipment model based on motion
equation concept can be used to describe the dynamic
process of the internal voltage’s amplitude and frequency
driven by unbalanced active and reactive power, and has
been widely used to analyze the dynamic characteristics of
diversified equipment. The concept of motion equation in
CC time scale refers to the amplitude and frequency motion
of VSC’s internal voltage driven by active/reactive reference
currents and active/reactive feedback currents [8]. The
model is derived basing on physical understanding of
equipment’s abstract function rather than on the structure of
the equipment, which can reflect the mechanism of the
dynamic process of the system. Literature [8] established a
small signal model of VSC based motion equation model
without considering terminal voltage feedforward and
current controller parameters asymmetry in dg axis.
Considering the complexity of MIMO system analysis and in
order to have a more comprehensive understanding of the
influence mechanism of parameter changes on stability, this
paper establishes a small signal model of VSC considering
phase locked loop’s dynamics, controller parameter
asymmetry in dg axis and terminal voltage feedforward
based on motion equation concept in CC time-scale. And
then stability analysis is carried out based on a SISO
equivalent method that can analyze the interaction between
different MIMO’s variables.

The rest of paper is organized as follows. Section II
presents a small signal model of VSC based motion equation
concept. Section III introduces the SISO equivalent method
of MIMO system. Section IV analyzes the influence of PLL
bandwidth, current controller parameters in dg axis and filter
bandwidth on the stability of the VSC grid-connected system.
Section V draw the conclusions.

II. SMALL SIGNAL MODELING OF SYSTEM

A.  Small Signal Model of VSC

The basic topology and control structure diagram of VSC
are described in Fig.1. The current control strategy adopts
double PI control based on PLL, and considers terminal
voltage feedforward and the current cross decoupling term.
The red part shows a typical second-order PLL, which can
track the position of the terminal voltage and realize the
synchronization between converter and grid. L, is filter
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inductance, L, is the equivalent inductance of the grid. A
damping resistor R. is connected in series with the filter
capacitor Cyto suppress the resonance caused by LC filter. In
Fig. 1, e represents the internal voltage vector in VSC, irer
and i represent the command current vector and feedback
current vector respectively, u: is the terminal voltage vector.
E 0., w.,is the amplitude, phase and frequency of the internal
voltage, and the subscripts dg?, dg¢,0ff denote the variables in
rotating PLL-synchronized coordinate, rotating dg
coordinate with the vector e oriented, and in the static
coordinate. The position relationships between different
coordinate and vectors are shown in Fig. 2, where xy
coordinate is coordinate with terminal voltage in steady state
u, oriented and rotate at synchronous speed wo It should be
noted that current controller is operated in dq coordinate, as
long as the position of PLL and terminal voltage is different,
i and #, is no longer the actual active and reactive current
relative to terminal voltage.
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Fig. 2. The position relationship between different coordinates and vectors

This paper does not pay attention to high-frequency
oscillation caused by LCL filter. Therefore, average value
model is adopted and the effect of delay is neglected. To
simplify the analysis, the following assumptions are made:
(1) Reference currents ., .., are supposed to keep constant;
(2) Losses of inductance resistances are ignored.

Based on the motion equation concept, to obtain the small
signal model of VSC with actual unbalanced active/reactive
current as input signal and amplitude/frequency as output
signal, the basic control structure of VSC in CC time scale
shown in Fig.1. can be transformed into Fig. 3 (a). Where i,
i,.; are active/reactive feedback current and active/reactive
reference current relative to internal voltage; iy, = iy - iy,
are unbalanced active/reactive current. Ge(s) is the current
controller, Fv(s) is low-pass filter. The expression is as

follows.
w,L

G.(5)= {ch ) !

—oL, G,(s)

k.
ch (S) kpcd :d
} ey

kicq
G, ($)=k,, + .

[E® 0
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Where kpea, kpeg, kica, kicq are the proportional and integral
parameters of PI current controller in dg axis respectively;
ay 1s the cut-off frequency of the low-pass filter.
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Flg 3. Modeling process of VSC in CC timescale

The nonlinear part in Fig. 3 (a) is mainly reflected in the
coordinate transformation. Therefore, the coordinate
transformation is linearized and the results are as follows.
Where the subscript 0 represents the steady-state value.
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Terminal voltage can be obtained from the internal voltage
and feedback current, i.e

U, e, sLy oL, |,
= - ’ . (3)
u, e, —@, L 1 sL IR

The transfer function of PLL is as follows:

k k,
G, ()= @

N

Where £k,, and ki, are the proportional and integral
parameters of the PI controller of PLL respectively. The red

cosp,

Aé’p = Gp (S)Aut’;
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part in Fig. 3 (b) which shows the linearized model can be
used to obtain transfer function from Aeiy, to A6, ,which is
as follows.

A0 =G, (s)Aci; +G,, (s)Asi (%)
Associate (1)(2)(3)(6) and Fig.3(b), transfer function from
Aeiy, to AE, Aw. can be derived as follows.

o= v ]

Associate (6)(7) transfer function from AE, Aw. to A8, can
be derived as follows.

AG, =G, (s)AE+Gpr (s)Aa, (7)

Associate (4)(8) transfer function from AE, Aw. to Aij.,
A, can be derived as follows.

Aijy | _ {H{w (s) H, (S):||: AE }

Ai;ref H‘JE (S) quﬂ (S) Aa)@
Associate (7)(9), small signal model of VSC can be derived
in Fig.3(c). The specific expressions are shown in appendix.

B.  Small Signal of Grid

Since internal voltage’s amplitude/frequency 1is the
response driven by unbalanced active and reactive current in
equipment model, it is necessary to obtain the grid’s small
signal model with the internal voltage amplitude frequency
as input signal and feedback active and reactive current as
output signal. The transfer function of grid shown in Fig. 1
in xy coordinate is as follows:

(st jon) =X, () 7%, () =1

Xy

(6)

®)

LC,(s+jo,) +RC, (s+ jm,)+1

o
Al

Ao, + + Hag(s)
Fig. 4. The frequency domain model of the single VSC and infinite bus
system depicted in Fig. 1.

The system model is MIMO with strong coupling
characteristics. However, the existing generalized Nyquist
criteria and norm criteria can only judge the stability, but
cannot reflect the stability margin. The analysis of SISO
system is simpler than MIMO system, the technology is
more mature, and it is easy to quantify the system stability
margin. To quantitatively analyze the interaction between
different variables, the equivalent SISO system needs to
retain the interaction path between variables in MIMO
system. Taking small signal model of single VSC and
infinite bus system in Fig. 4 as an example, this paper
introduces an equivalent SISO method that preserves the
interaction path between key variables [9]. It should be noted
that the SISO equivalent method can only be used when
MIMO linear autonomous system has no external input.

CLCL(s+jo,) +RC, (L, + L, )(s+ja,) +(L, +L, )(s + ja,)

Where
+ Y(s—jwo)]/z

Yx(s):[Y(ij())
Yy(s)=[Y(s+ja)0)—Y(s—ja)0)]/2j

From (4) we know,

{Ae*} ! {Alj} T[Alﬂ {_ISO}M o
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Thus, the small signal model of the network can be obtained
as follows:
Al; H,y(s) AE
.| = (11)
ALY (s) (SEY.(5)-15) /s LA
Hy (s)

Combined with the small signal model of VSC, the small
signal model of the system can be obtained in Fig.4.

Y (s) (B (5)+ 15 )/s

)
Hyy(s)
)

Hy(s)

III. INTRODUCTION OF SISO EQUIVALENT

METHOD

When considering the influence of PLL’s dynamic and
asymmetric parameters in dg axis controller, it is difficult to
decouple the equipment and network model at the same time.

Self-stability path
Interacting path

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, + Ai¢
" Hoo(s) | O ———
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Fig. 5. The process of SISO equivalent of MIMO system

(1) Determine the key state variables that need to be
retained in MIMO system, such as AE, Aw,, then select one
of them such as Aw. as the research object, and open its loop.

(2) As shown in Fig. 5 (a), the open-loop transfer function
Cro(s) from research object Aw. to other key state variables
AE is obtained. The specific expression is shown in
appendix.

(3) Calculate the influence of other key state variables on
the relevant input of the research object combined with (2),
the input variation of the research object caused by other key
state variables can be transformed into the dynamic of the
research object itself. So that the interaction between key
state variables can be equivalent to the dynamic of the
research object itself, such as the blue part in Fig. 5 (b),
which is called the interacting path. It should be noted that
the amplitude and frequency also interact with each other
through the internal coupling channel G.a(s) of VSC, which
can be equivalent to amplitude dynamics affect frequency
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dynamics by influencing unbalanced reactive current.

(4) Calculate the input variation caused by the research
object itself, such as the red part in Fig. 5 (b), which is the
self-stability path. Combining with (3), and then closing the
loop of research object, the equivalent SISO can be obtained.

IV. SISO EQUIVALENT BASED STABILITY
ANALYSIS

Except the Nyquist criterion, the stability criterion
proposed in literature [10] can not only judge the stability,
but also quantitatively analyze the influence of interaction
between variables on stability. In most cases, change rate of
amplitude and frequency will be retained in the small signal
model of system. Combined with the above stability
criterion and the typical structure of equivalent SISO system
after retaining the change rate in Fig. 6, the stability criteria
of the system can be modified as follows.

Obviously, the system’s characteristic polynomial is
T(s)=s-D(s), let s=jow and the oscillation frequency of the
system w,, can be approximately estimated by Im[7(jw)]=0,
that is, w-Im[D(jw)]=0.

(1) When the slope of w-Im[D(jw)] at w. is greater than 0,
if Re[D(jw)]<0 the system is stable, otherwise the system is
unstable.

(2) When the slope of w-Im[D(jw)] at w,, is less than 0, if
Re[D(jwn)]>0, the system is stable, otherwise the system is
unstable.

D(s)

Fig. 6. The typical structure of equivalent SISO system after retaining the
change rate

If the characteristic polynomial 7(jw) is decomposed
according to the division of path in section III, the
contribution of different paths to stability can be
quantitatively analyzed according to the positive and
negative and relative size of Re[T(jwn)].

Any variable’s stability can reflect system’s stability, so
the equivalent SISO system obtained by selecting different
research objects both can reflect the original MIMO
system’s stability. This paper only focuses on the frequency
dynamic, and takes the frequency as the research object to
analyze the equivalent SISO system shown in Fig. 5.
Disconnect the SISO system as shown in Fig. 5, we can get
equation (14).

Aa
D, (v) = Aa;o = DWM(S) +D,, (v)

e

D:@M(s) = qu (s)[qu (9) -H,, (v)} +5G,, (s)[Hdw (9) -H, (s)]

D0 ($)

Dyrio($)

Dan(S) = CEw(s)qu (s)[HqE(S) _H21(S)}
Dy (5)

+sCEm(s)Gmd(s)[HdE(s)—H“(s)J
Denr (5)
D,(s) can be used to analyze the frequency stability of the
system. Die(s) is the self-stability path, which is used to
analyze the influence of frequency dynamics on its own

(14)

stability. The self-stability path can be divided into two parts:

Dyeiio(s) determined by branch from unbalanced reactive
current to frequency (below referred to as main branch) and

Dyeipo(s) determined by coupling branch from unbalanced
active/reactive current to amplitude/frequency in equipment.
D.,e(s) is the interacting path, which is used to analyze the
influence of the interaction between amplitude dynamic and
frequency dynamic on frequency stability. The interacting
stability path can be divided into two parts: Deue(s)
determined by unbalanced reactive current to frequency
branch, and Dey2e(s) determined by coupling branch in
equipment. Both the self-stability path and the interacting
path affect frequency stability by affecting the balance
between reactive reference current and reactive current
feedback.

A.  Stability Analysis of PLL Bandwidth’s Influence

The parameters of the basic scenario are shown in the
appendix. To determine the stability results represented by
the positive and negative of Re[D(jw.)], the slope of w-
Im[D(jw)] in the basic scenario is analyzed. The result is
shown in Fig. 7. w-Im[D(jw)]=0 is used to estimate the
oscillation frequency with high risk of oscillation instability.
We can see the slope is greater than 0 when it crosses the
horizontal axis, so Re[D(jw.)]<0 means the system is stable.
Fig. 8 (a) shows the change curve of Re[D(jw.)] as the
PLL’s bandwidth increases, and the horizontal axis
represents the multiple of PLL’s bandwidth relative to the
basic scenario. Obviously, the increase of PLL’s bandwidth
is adverse to system’s stability. Fig. 8 (b) shows the change
curve of the dominant oscillation frequency’s damping ratio
& with PLL’s bandwidth changes by ecigenvalue analysis
method, where £>0 represents the system is stable. It is
obvious that Re[D(jw,)] and & have similar trend, so
Re[D(jwn)] can reflect the stability margin well.
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Fig. 7. Stability judgment of basic scenario’s system
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Fig. 8 (a) The change curve of Re[D(jw,,)] with PLL’s bandwidth
increase;(b) The change curve of & with PLL bandwidth increase
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To reveal the mechanism of frequency stability from the
perspective of the reactive/active currents balancing, Fig.9.
shows the change curve of Re[Dieyin(s)], Re[Dserzo(s)],
Re[Denie(s)], Re[Den2e(s)] with PLL bandwidth increase.
Re[Dseisin(s)] increases and changes from negative to
positive which indicates that the self-stability of the
frequency dynamic through the main branch changes from
beneficial to adverse to the frequency stability.
Re[Dyerpa(s)]<0 and decreases with PLL bandwidth increase,
which means the self-stability through the coupling branch
in equipment is increasely beneficial to the stability.
However, the change range of Re[Djep0(s)] is smaller than
Re[Dseiin(s)], therefore, the frequency dynamic will be
increasely adverse to its own stability with PLL’s bandwidth
increase in general. The mechanism of instability is
explained as follows. As shown in Fig. 5, if there is a
disturbance such as Aa,, increases, then Aw, increases, after
passing through the self-stability path, the unbalanced
reactive current’s trend changes from decreasing to
increasing with PLL bandwidth increases, which in turn
makes Aa, changes from decreasing to increasing, that is
changing from be beneficial for frequency to restore stability
to be adverse for frequency restoring stability. Re[Deni£(s)]
and Re[D.x2e(s)] are both positive, and increase first and then
decrease which indicates that the interaction between
amplitude and frequency is adverse to frequency stability.
That is Aw. increases, the unbalanced reactive current will be
increased through the interacting path, which in turn be
adverse for frequency restoring stability.
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Fig. 9. The change curve of Re[Dseyin(s)], Re[Dseipn(s)], Re[Denie(s)],
Re[Den2e(s)] with PLL’s bandwidth increase

B.  Stability Analysis of Current Controller’s Influence

Fig. 10 (a) shows the change curve of Re[D(jw.)] as the
proportional coefficient k,.s of PI regulator in d axis increase.
It can be seen the increase of k,.s will weaken frequency’s
stability. Fig.11. shows the change curve of Re[Dyeyi0(5)],
Re[Dyeipal(s)], Re[Denie(s)], Re[Denze(s)] with kyea increase.
Re[Dseiin(s)]<0, and increase slightly; Re[Dye20(s)] changes
from positive to negative, so it's easy to find Re[Dye(s)]<0
and decrease with ks increases. That’s mean the frequency
dynamic is increasely beneficial to its own stability, and
mainly affected by the self-stablility path determined by the
coupling branch in equipment. Re[D.;£(s)]>0, first increases
and then decreases slightly, Re[Deu.2e(s)] changes from
negative to positive, so it's easy to find Re[D..z(s)] increases
with k,cqs increases and is positive in most time. That is, the
interaction between amplitude and frequency is increasingly
adverse to the frequency stability. Whereas, the increase of
Re[D.£(s)] will finally surpass the decrease of Re[Diey(s)]
and lead to frequency instability, which means the

unfavorable effect of interaction between amplitude and
frequency is greater than the advantageous effect of
frequency’s self-stability, the system loses stability.
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Fig. 10. (a) The change curve of Re[D(jw,,)] with k. increase;(b) The
change curve of & with £, increase
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Fig. 11. The change curve of Re[Dsey10(5)], Re[Dseizo(s)], Re[Denie(s)],
Re[Denze(s)] with k,cq increase

Fig. 12 (a) shows the change curve of Re[D(jw.)] as the
proportional coefficient k,,, of PI regulator in ¢ axis
increases. It can be seen the increase of k,, will strengthen
frequency’s stability. Fig.13. shows the change curve of
Re[Dseifi(s)], Re[Dieipals)], Re[Denir(s)], Re[Denze(s)] with
kpeq increases. Re[Dsein(s)]<0, and increases slightly;
Re[Dsepp(s)] changes from negative to positive, so it's easy
to find Re[Dse(s)] changes from negative to positive and is
dominated by the change of Re[Dyej20(s)]. That’s mean the
frequency dynamic is less and less beneficial to its own
stability and be adverse finally, and is mainly affected by the
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Fig. 12. (a) The change curve of Re[D(jw,,)] with k., increase;(b) The
change curve of & with £, increase
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Fig. 13. The change curve of Re[Dseyio(s)], Re[Dsepo(s)], Re[Denie(s)],
Re[Denze(s)] with k., increase

self-stablility path determined by the coupling branch in
equipment. Re[D.n1£(s)]>0, and decreases with k¢, increase;
Re[Den2e(s)] changes from positive to negative; it's easy to
find Re[Dene(s)] changes from positive to negative with kpeq
increases. That is, the interaction between amplitude and
frequency is less and less adverse to the frequency stability
and be beneficial finally. When the unfavorable effect of
interaction between amplitude and frequency is less than the
advantageous effect of frequency’s self-stability, the system
becomes stable.

C. Stability Analysis of Terminal Voltage Feedforward’s
Influence

The higher cut off angle frequency as in F\(s), the more
ideal the terminal voltage feedforward is, and according to
Fig. 14, the better the frequency stability is. According to
Fig. 15, Re[Dsejio(s)] and Re[Dye0(s)] decrease and change
from positive to negative with as increase, so frequency
dynamic is less and less adverse to the frequency stability
and be beneficial finally. Re[Dee(s)] and Re[Denze(s)]
increase with ap increase and change from negative to
positive, so the interaction between amplitude and frequency
is less and less beneficial to frequency stability and be
adverse finally. When the unfavorable effect of interaction
between amplitude and frequency is less than the
advantageous effect of frequency’s self-stability, the system
becomes stable.
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Fig. 14. (a) The change curve of Re[D(jw,,)] with ay increase;(b) The
change curve of & with aj increase
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Fig. 15. The change curve of Re[Desn(s)], Re[Dsepn(s)], Re[Denie(s)],
Re[Denze(s)] with ay, increase

D. Validation by Time Domain

In order to verify the correctness of the above analysis,
time domain simulation is carried out in Matlab/Simulink.
Fig.16. shows the response curve of VSC’s internal voltage
phase with PLL bandwidth, kycq, kpe, and as change and the
disturbance appears at =0.5s. Obviously, the increases of
PLL bandwidth and k.« can strength frequency stability; the
increase of k., and a5 will weaken frequency stability. The
simulation results prove the correctness of the above analysis.
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Fig. 16. Response curve of VSC’s internal voltage phase with PLL
bandwidth, kycq, kyeq and ag, change.

V. CONCLUSION

This paper establishes a small signal model of VSC
considering PLL’s dynamic, controller parameter asymmetry
in dg axis and terminal voltage feedforward based on motion
equation concept in CC time-scale, and analyzes the
influence of PLL bandwidth, current controller parameters in
dgq axis and filter bandwidth on the stability of the VSC grid-
connected system based on a SISO equivalent method which
preserves the interaction path between variables in the
original MIMO system. The conclusion is as follows: (1)
The increase of PLL’s bandwidth will weaken the system’s
stability. The influence of frequency dynamic changes from
be beneficial to be adverse to its own stability, and the
amplitude dynamic is increasely adverse to the frequency
stability. (2) The increase of k,.s will weaken the system’s
stability. The frequency dynamic is increasely beneficial to
its own stability, and the amplitude dynamic is increasingly
adverse to the frequency stability. (3) The increase of kpe,
will strengthen the system’s stability. The frequency
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dynamic is less and less beneficial to its own stability, and
the amplitude dynamic is less and less adverse to the
frequency stability. (4) The increase of ap will strengthen the
system’s stability. The frequency dynamic is less and less
adverse to its own stability and be beneficial finally,
amplitude dynamic is less and less adverse to the frequency
stability is less and less beneficial to frequency stability and
be adverse finally.

VI. APPENDIX

A.  Parameters of the Studied System

S[mSE(kW) 100 R. (pu) 0.55
Vbas(:(v) 690 IZVB/) Izre/ 08,-02
Srase(Hz) 50 a5 12007
Li(p.u.) 0.15 PLL:kyp, ki 540,50400
Le(p.u.) 0.64 kpedskica 1.6,64
Cr(p-u.) 0.05 Kpeq Kicq 1.6,64

B.  Specific Expressions of Transfer Functions in the Paper

_(ch (s)+sL, )Gp (s)sin((oe —gop)
0 Go()= 1=F,(s)+sL,I5,G,(s)
G _(G(q(s)-t—st)Gp(s)cos(gpe—gop)
w($)= 1= F,(s)+sL,15,G, (s)
§)= de”(s) ( )/$ =G (5) G (5)
o] G
G (S): qull /S o (5)Ge, (5)
o () ( )/s/s = zq(S)Gm(S)
3)

Gy (s) = S{A + :;S()g [A+sL,+G,, (s ]}

F (s
GEq(s)=B+a)oLf+ (5) [B+qu,,( )N]

~F,(s)
Gus(3) =+ Gau5) - + (I_I;Ei;)EO[C+GM(s)MJ
qu(s):s{Do+Gp,,(s)+ 1_22 [D+sL,+G,, (s )MJ}

A=G, (s)cos2 ((pe _¢p)+ch (S sin® ((oe —(pp)
B=C=(G, (5)-Gu(s))sin2(0.~0,) 2
D=G,,(s)cos’ (¢, ~¢,)+G,, (s)sin* (¢, —¢,)
M=-sL, ]qposin((pe -9, ) —SL/IfoCOS<(Pe - (Pp)
N = sL‘/.I‘fOcos((pe -0, ) —sL,»Ié’osin(cﬂe —%)

Hp (8) = =Gy () 150

@ H,,(s)==G,;(s) I, +15,
HqE (s)=GEp,, (S)I;O
qu (s) Gwp,,(s) I
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