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Abstract: The stability issue of a single-phase two-stage grid-connected photovoltaic system is
complicated due to the nonlinear v-i characteristic of the photovoltaic array as well as the interaction
between power converters. Besides, even though linear system theory is widely used in stability
analysis of balanced three-phase systems, the application of the same theory to single-phase
systems meets serious challenges, since single-phase systems cannot be transformed into linear
time-invariant systems simply using Park transformation as balanced three-phase systems. In this
paper, (1) the integrated mathematical model of a single-phase two-stage grid-connected photovoltaic
system is established, in which both DC-DC converter and DC-AC converter are included also the
characteristic of the PV array is considered; (2) an observer-pattern modeling method is used to
eliminate the time-varying variables; and (3) the stability of the system is studied using eigenvalue
sensitivity and eigenvalue loci plots. Finally, simulation results are given to validate the proposed
model and stability analysis.
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1. Introduction

Under pressure from the energy crisis, photovoltaic (PV) energy has been more and more
attractive for generating electricity. At the end of 2016, the total PV installation capacity around
the world amounted to 305 GW [1]. The majority of PV installations are grid-connected PV systems,
since they can deliver power to the grid directly and are more cost-effective than stand-alone systems [2].
Whereas large commercial PV systems are connected to the three-phase grid, single-phase topology is
advantageous in small-scale PV systems such as residential systems due to its simplicity [3,4].

A typical grid-connected PV system is a two-stage system, where the first stage is normally
a DC-DC converter for extracting power from the PV array and the second stage is a DC-AC converter
for delivering power to the grid. However, the stability of such a system is a major concern. There are
two main factors that make the stability analysis of a two-stage grid-connected PV system more difficult
than other power electronic systems. First is the characteristic of the PV array. The v-i characteristic of
a PV array is nonlinear and changes with the light intensity or temperature, thus the dynamics of a PV
system can be vastly different from a traditional power electronic system fed from a constant voltage
source. In some studies on stability analysis of PV systems, the PV array is replaced by a constant
voltage source [5,6] or a constant current source [7]. These methods neglect the nonlinear characteristics
of the PV array and may cause deviation between the theoretical analysis and the behavior of the real
system [8]. Some studies take into account this characteristic of the PV array by using the v-i curve
calculated from numerical techniques with the aid of a computer [8,9]. However, specific parameters
of the PV array such as shunt resistance and series resistance are necessary for implementing the
calculation. These parameters usually cannot be obtained from the datasheet. Second, a DC-DC
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converter and a DC-AC converter are connected in cascade. Even in a single power converter there
exists complex behaviors such as bifurcation and chaos [10-13]. In this case, the behavior of the overall
system may be more complicated than only one converter, since the interconnected converters will
influence each other [14-17]. Hence, it is necessary to establish an integrated mathematical model
for the entire single-phase two-stage grid-connected photovoltaic system that is able to describe the
characteristic of the PV array as well as the interactions between two converters.

For a balanced three-phase system, application of Park transformation facilitates modeling of the
system. The system can be first transformed into a Multiple-Input-Multiple-Output (MIMO) system
in d-q reference frame and then be linearized around a fixed stead-state operating point [18]. Finally,
the balanced three-phase system can be described using a linear time invariant (LTI) model. Thus, vast
LTI theory tools can be applied to completing the controller design and stability analysis [19,20].
However, it is hard to put a single-phase system within the framework of an LTI model. The main
difficulty for this is that linearization process must be performed around a fixed steady-state
operating point rather than a steady-state time-periodic trajectory [18]. To deal with this problem,
an observer-pattern modeling method [21,22] is proposed that eliminates the effect of time-variance.

In this paper, the stability analysis of the whole single-phase two-stage grid-connected PV
system is presented. Both DC-DC converter and DC-AC converter will be included in the model.
Also, the characteristic of the PV array will be considered. To avoid the lack of specific parameters of
the PV array, the proposed model uses the basic parameters that are provided in all datasheets of PV
arrays. The application of observer-pattern modeling method successfully transforms the system into
time-invariant. With the proposed model, the stability of the system can be studied by calculating the
eigenvalues of the Jacobian of the system.

2. System Description and Nonlinear Averaged Equations

Figure 1 presents the diagram of a single-phase two-stage grid-connected photovoltaic system.
In this figure, C;, is the capacitance of the input filter, L, and C. are the inductance and the capacitance
of the boost converter, respectively, and Ly is the inductance of the output filter. The PV array generates
electricity from solar radiation. A boost converter with an input filter connects the PV array to the DC
bus in order to raise the output voltage of PV array to the voltage level of DC bus while implementing
maximum power point tracking (MPPT). The boost converter is designed to operate in continuous
conduction mode (CCM).
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Figure 1. Diagram of a single-phase two-stage grid-connected photovoltaic system: (a) Power stage
circuit; (b) MPPT controller; (c) double loop controller.

In this study, the Perturb & Observe (P&O) method is adopted for MPPT, since it is one of the
most popular MPPT algorithms [23]. A full bridge inverter with an L filter supplies the power to the
AC grid [24]. The full bridge inverter is controlled by a double loop controller, which is comprised
of a voltage control loop and a current control loop. The voltage control loop regulates the DC bus
voltage u4. and generates the reference current i, for the current control loop. Then, the current control
loop regulates the output current of full bridge inverter i,. In order to facilitate the analysis, the boost
converter and the full bridge inverter are assumed to have same switching frequency f;.

In order to develop an integrated mathematical model, the system equations are derived for three
parts: PV array part as given in Section 2.1, power stage part as described in Section 2.2, and controller
part as detailed in Section 2.3.

2.1. PV Array

The output current iy, of the PV array is related to the output voltage u,, and also affected by
other parameters of PV panel itself [25]. However, the manufacturer’s datasheet do not provide
some of these parameters, such as equivalent series resistance and equivalent parallel resistance.
Basic parameters provided in all datasheets of PV array are open circuit voltage Upc, short circuit
current Igc, the current at maximum power point (MPP) Iy, and the voltage at maximum power point
Ups. These parameters are all with the standard test condition (STC). To overcome the lack of detailed
information of the PV array, a simplified model proposed in [26] is used in this study, which describes
the terminal characteristic of the PV array with STC in the following equation:

upz)
ipv = Isc |:1 — A <€AZUOC — 1>:| (1)

where A; = (1— %)67%,142 = (g—gé —1) [ln( _ %)]*1.

2.2. Power Stage Circuit

To describe the power stage circuit, four sate variables are used: the output voltage of PV array
Upy, the current of L, which denoted as i;,, the DC bus voltage u,. and the output current of full
bridge inverter i,. The averaged equations of the input filter and boost converter can be derived
as follows [19]:

duyy . .

d:';f = %m(lpv_lLb)

1

= £ [ — (1 — dy)ugc] @)

I, [Upo
i = o [(1—dv)iy, — iac]

where d; is the duty cycle of the boost converter and iy, is the input current of full bridge inverter.
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According to the operation principle of the full bridge inverter, following equations can
be derived [24]:

b = £ [(2d2 ~ Duge — ug] ©)

{ ige = (2d2 — 1)ip
where d; is the duty cycle of S; and S, in the full bridge inverter and u, is the grid voltage.
Combine (2) and (3), then the averaged equations of the power stage circuit can be derived as

presented in (4).

dupy 1 7 .
dglf = cTn(lpv - lLb)
17, 1

2.3. Controller

The state equations corresponding to the Proportional-Integral (PI) controller can be expressed

as follow:
dm(t) de(t) N Ky

dt dt T;
where m(t) and e(t) are the output and the input signals of the PI controller, respectively, K, is the gain
of the PI controller, and T; is the time constant of the PI controller.

Since the perturbation step size of P&O method is small, the reference voltage . given by the
algorithm is assumed to be constant. Therefore, the state equation of PI controller 1 can be derived as

=Ky e(t) 5)

dugy dupy  Kpp
dlf :Kpl dt + Ta (upv_upvref> (6)

where 1.1 is the output signal of PI controller 1 and K, and T; are the gain and the time constant of
the PI controller. u.1 is compared to a ramp u, in the Pulse Width Modulation (PWM) comparator to
produce driving signal. To complete the model of MPPT controller, the duty cycle d; is expressed as
following equation:

Ucl
d = =< 7
T U @)
where Uy, is the peak-to-peak amplitude of ramp u,.
The state equation of PI controller 2 can be derived as

% _ dudc + KPZ
at P ar T,

(udc - ”dcref) 8

where u1,f is the reference voltage of DC bus, u, is the output signal of PI controller 2, K,; and T}, is
the gain and the time constant of the PI controller. Then the reference current i,.s can be expressed as:

iref = Uesin(wt) 9

where w is the angular frequency of power grid.
Thus the state equation of PI controller 3 can be derived as
di,

. . du, Kp?) . .
=Ky (ugwcos(wt) + szn(wt)E - dt) + f(ugsm(wt) — o) (10)

duc
dt

where 1, is the output signal of PI controller 3 and Kj3 and T;3 are the gain and the time constant of
the PI controller. u.; is compared to a triangular wave u;,; in the PWM comparator to generate driving
signal. The duty cycle d; is expressed as following equation:
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- 1 Ucp
42 = 2 (1 * UM2> (an

where Uy, is the peak-to-peak amplitude of triangular wave uy,;.
Combine (1), (4) and (6)—(11), the nonlinear averaged equations of the system can be written as

du 1 _Upo

po __ 1 _ AU, _ —
di;

b — 1 _ _ Ua
il [“pv (1 Un )”dc}
dud _ L U . _u zig
i = Cic [(1 U}f/ﬂ)lLb lez
di, _ 1 | ue . 12
= I; 0 e — Ugmsin(wt) (12)
dug d”pv Kpl
i = Kpr—gr + 1 (Upo — Uporer
due _ duge | Bp2 _
a = Kp2=gi= + 1, | tae ”dcr6f> .
d;gz =Ky (uewcos(wt) + sin(wt)% - %”) + %(ugsin(wt) —1p)

1

where Ugm is the amplitude of Ug.

3. Observer-Pattern Model

The equations shown in (12) contain sin(wt) and cos(wt), which means that the single-phase
two-stage grid-connected photovoltaic system is a time-variant nonlinear system. This time-variance
is the main difficulty in stability analysis of the system. To eliminating the effect of time-variance,
the system is transformed into a time-invariant one using an observer-pattern modeling method [21,22].
Notice that sin(wt) and cos(wt) only exist in the expressions of di,/dt and ducp/dt. Thus, only i, and .y
need to be processed.

First, the time-variance originated from fundamental frequency of the grid is removed by Park
transformation. Implementation of Park transformation needs at least two orthogonal variables, so the
concept of Imaginary Orthogonal Circuit is introduced [27]. Denote the corresponding Imaginary
Orthogonal Circuit variables to i, and u.; as i,; and ucy;. Since i, and u., are sinusoidal, i, and .y}
maintain 90° phase shift with 7, and u.y. The Park transformation can be expressed as

. _ iod _ o
lodqg = [ ioq = Tl i ]
(13)
Ucad Ucp
Uerdg = uc =T U
c2q c2l

where T is the transformation matrix given by (14).

T= (14)

—sin(wt) cos(wt)

cos(wt)  sin(wt) 1

Apply inverse transformation of (13) to the state equations of i, and ucp, resulting in the
following equations:

P I U | sin(wt)

ailT odg) = T T Heaig = 7 l —cos(wt)

P cos(wt) K [ wge o1 Ugu | sin(wt)

a(T =K — = c T — == 15
ai (T Ue2ag) p3”@w[ sin(wt) Lr | Tl b Me2dqg — 71 —cos(wt) 1)

sin(wt) Ky3 sin(wt) Ky o1 :
K, dte P _ BT
o3 [ —cos(wt) T uel —cos(wt) Ty~ lodq



Energies 2017, 10, 2176 6 of 14

Multiplying (15) by T gives

Ugm T[ sin(wt) ]

d 1. _ a
Tﬁ(’r lodq) = %uddq Iy —cos(wt)
4 (-1 _ Kp sin(wt) | Kg( ug Ugn | sin(wt)
Tin (T ueaay) = 7 ugT[ —cos(wt) Iy | Tlhg"e2ds — T, T —cos(wt) (16)
K cos(wt) du. | sin(wt)
K,3T dile
lodq + p3 (ue [ sin(wt) + at —cos(wt)

. 1. -1, di, . . . . . .
Since T4 (T 1i = T i 40+ =2 and replacin o4y With u.54, satisfies this equation as
ar odq dr lodq T gy P & todq q q
well, (16) can be expressed as

d log _ g Uod | U | O + 0 w Lod
9| g = Ll Ueag Lel —1 -w 0 fog
d | He2a | _ 0 w Ucog UgnKps | 0 Ky 0 17
M g 1 [ —w 0 ] [ Ucog T Cp | Tt 17)
K3 fod 1 due 0 o uge Ueod
Ts [ ioq + Kp3 (Mew [ 0 ] + dt -1 ‘| Lelmpn Ucog
Notice that
U = Uepgcos(wt) — ucpgsin(wt) (18)
io = ipgc08(wt) — iggsin(wt)

Thus, the product term u.i, in the averaged Equation (12) can be substituted by

. 1+cos(2wt . 1—cos(2wt .
Uty = %ucmﬂod + 2( )uc2qloq (19)

sin (2wt . R
*72 ) (Ucadiog + Uc2gioq)

Since the Equation (19) contains cos(2wt) and sin(2wt), the equation is still time-variant and needs
to be further processed. Assuming that g1 = cos(2wt), g» = sin(2wt), the following equations can
be constructed:

g1 _
{ dt 2wgs (20)
Combining Equations (12), (17), (19) and (20), the observer-pattern model of the system can be
written as
o _ 1 (1|1 Ay (emboe —1)| =i
ar — G, \ *SC — 411 - — 1L,
diLb 1

T = Lb[ po — (1— ﬁ;}l)“dc}

du 1 u . 1+ . 1— . . .
dfC = Ci [(1 -2 )1Lb - zgl Ucpdlod — zgl Ucoglog + giz(”czﬂoq + chqlod)]

i Unn

Alog UgcUeod

@t = Tl T Why

dinq UgcUc2q uqm .
ar Ll + 1, — Wi

(21)

dugq d”pv Kp]
a = Kpi— + 7 (Upo = Upores
du, du, K
i = Kpng + 1, (”dc  Mderef )

du K3 Kps .
7= = Kpattew — LfLI;Mz UgdcUead — ilod + Wiy

dt
duczq _ du. ungp3 Kp3 Kp3 .

ar = Ky — quMz Udclheoq = =L = Ty e = Ty log = Whead
g1 _
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In order to verify the proposed model, simulation results obtained from PSIM are compared to
the solutions of the model obtained from MATLAB. The simulation parameters, including PV array
parameters and converter parameters, are given in Tables 1 and 2. Figures 2 and 3 show the simulation
waveforms of DC bus voltage u;. and output current i,, respectively. In both pictures, it can be seen
obviously that observer-pattern model and simulation give almost the same results in steady state.

Table 1. Photovoltaic (PV) array parameters.

Parameter Symbol Quantity
Voltage at MPP Upm 119.6 V
Current at MPP Im 8.36 A

Open circuit voltage Upc 1492V
Short circuit current Isc 8.81 A

Table 2. Converter parameters.

Parameter Symbol Quantity
Capacitance of input filter Cin 1000 pF
Inductance of boost converter Ly 10 mH
Capacitance of boost converter Cac 1500 puF
Inductance of output filter Lf 25mH
Amplitude of grid voltage Ugm 220,/2V
Switching frequency fs 10 kHz
Gain of PI controller 1 Ky1 0.05
Time constant of PI controller 1 T; 0.1
Gain of PI controller 2 Kpo 0.02
Time constant of PI controller 2 T; 0.01
Gain of PI controller 3 Kp3 1
Time constant of PI controller 3 T3 0.2
600 T T T T T T T T T
500 =
400} 7 i
~ 300F .
Sl
N 200 -
100 .
0F ‘ ‘ ‘ observer-pattern model ||
3916.96 1.97 1.98 1.99 2 |seese PSIM simulation
-100 | | 1 1 1 1 T T T
0 0.2 0.4 0.6 0.8 1 12 1.4 1.6 1.8 2
time(s)

Figure 2. DC bus voltage waveform.
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Figure 3. Output current waveform.

4. Stability Analysis

For simplicity, the observer-pattern model of the system can be written as
X = F(X) (F: R — RM) (22)

where X = [upy, i1, Udc, Tods Tog, Uel, Ue, Ucad, Ucg, 81, gz]T. By setting all the differential items in (21)
to zero, the equilibrium point X° = [uy,°, ir, ¢, Uac’, i0d°, fog®, te1®, Ue®, Ucad, uczqe, 1% gze]T is obtained.
Then. the Jacobian A of the observer-pattern model at the equilibrium point can be derived as

_oF

A= —
aX X:XE

(23)
Detailed description of Jacobian A is presented in Appendix A.
To analyze the stability of the system, the eigenvalues of Jacobian are used, which can be
calculated by
det[A\I—A] =0 (24)

where I is unit matrix.

The gain and the time constant of three PI controllers are key parameters that affect the
performance of the system. As these parameters change, the eigenvalues of the system also change.
For the purpose of estimating the direction and size of the eigenvalue movement due to variations in
system parameters, a sensitivity analysis is often used [28,29]. The eigenvalue sensitivity of A; with
respect to an uncertain parameter y can be calculated as follow:

a/\,‘ - w,‘T(aA/a]l)Ui

w N wiTvl- (25)

where w; and v; are the left and right eigenvectors corresponding to the eigenvalue A;, respectively.
If the real part of dA; /9y is positive, an increase in the parameter y causes the eigenvalue A; to move
towards right in horizontal direction. The size of the horizontal movement is decided by the magnitude
of the real part of dA;/du. Similarly, the imaginary part of dA;/du is associated with the movement in
vertical direction.

Table 3 lists the eigenvalue sensitivities with respect to PI controller parameters calculated by (25).
For A1 5, the most sensitive parameter is K3 as the real part of the sensitivity of A1, with respect to
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Kp3 is the largest. The decrease in Kj,3 makes A1, move toward right in the s-plane. For A3 4, the most
sensitive parameters are T;; and Kj1. A negative perturbation in T;; makes A3 4 move towards right in
the s-plane. In contrast, the decrease in Kj,3 makes A3 4 move to left. For A5, the most critical parameter
is Tj1. The increase in Tj; leads to A5 moving towards right-half plane. For A7, the most sensitive
parameter is Kp>. When K, decreases, Ag7 moves towards right in the s-plane. For Agg, the most
sensitive parameters is Tj3. The increase in T;3 leads to Agg moving towards right in the s-plane. Ajg 11
are insensitive to all these parameters listed in Table 3.

Table 3. Eigenvalue sensitivities.

A2 Asgq As Ae,7 Ag9 A1o,11
Ky —893 x 10 £j7.47 x 105 5.57 £j1.38 x 10* —9.31 —0.91 +j0.145 —2.45 x 10 +j2.42 x 10* 0
Ty —278 x 107 £j2.88 x 108 —475 +j0.21 94.9 0.0286 +j0.193 3.85 x 10 £j3.28 x 107 0
Ky —937 +35.6 —0.605 +j0.188 —0.664 —134 +553 0.00347 + j0.00126 0
T —11.8 £0.68 —0.0211 =+ j0.0846 147 11 +j1144 1.22 x 10 £0.00224 0
Kp3 —1.6 x 10* £j0.977 745 x 10% £j0.00145  —1.35 x 10* 0.236 =+ j0.0336 0.00154 =+ j0.00409 0
T —254j7.68 x 10* 2,62 x 10° £j1.36 x 10°  2.21 x 107 0.00141 +j0.0192 25 +0.0208 0

Figure 4 illustrates the loci of the eigenvalues with respect to various PI controller parameters. It is
obviously that the eigenvalue loci in Figure 4 match the sensitivity analysis results above. Especially
note that in Figure 4b, A34 move across the imaginary axis from the left-half plane to the right-half
plane when T;; decreases to 0.01, which means the system becomes unstable.

The eigenvalues when T;; equals to 0.01 and 0.03 are listed in Table 4 as a comparison. It can
be seen clearly that Ajg 11, which originated from Equation (20), always equals to £j628. Therefore,
A0,11 is only associated with the angular frequency of power grid and has no influence on the stability
of the system. Actually, A1, and Agg are different when Tj; varies. However, the slight differences
are disregarded in this paper. Neglecting A1g11, all eigenvalues are in the left half of the s-plane
when Tj; = 0.03, and the system operates in a stable state. However, when T;; decreases to 0.01, A3 4
becomes 26.8 + j1453, which indicates the system is unstable and a low-frequency oscillation occurs.
The frequency of the oscillation can be calculated according to the magnitude of the imaginary part of

A3z4 as follows:

1453
fose = 5 =231 Hz (26)

Table 4. Eigenvalues when Tj; = 0.01 and Tj; = 0.03.

T; A2 Aza As Ae7 Ago Ato,11
0.01 —16016 +-j314 26.8 4-j1453 —94.7 —2.947 £j22.55 —-5+j314 +j628
0.03 —16016 = j314 —4.743 + j1451 —-31.6 —2.927 + j22.56 -5+ j314 ij628

Figure 5 presents the simulation results of ;. obtained by PSIM when Tj; equals to 0.03 and
0.01. In Figure 5a, the waveform of u,. is sinusoidal and fluctuates around the nominal value. It can
be seen clearly that u;. contains a DC component and a ripple at 100 Hz. The ripple at 100 Hz is
due to pulsating output power of the single-phase inverter [30]. In Figure 5c, the waveform of 1,
is non-sinusoidal. It can be seen from Figure 5d that the waveform contains a ripple at 100 Hz and
a component at 230.5 Hz, which matches the theoretical analysis given by the observer-pattern model.
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Figure 4. Loci of the eigenvalues with respect to various PI controller parameters: (a) A1, when Kj3 is
varied within the range (0.2, 1.8); (b) A3 4 when T} is varied within the range (0.01, 0.19); (c) A3 4 when
Kp1 is varied within the range (0.005, 0.095); (d) A5 when T;; is varied within the range (0.01, 0.19);
(e) Agy when K is varied within the range (0.002, 0.038); (f) Ag 9 when T3 is varied within the range

(0.02, 0.38).
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Figure 5. Simulation results of u,.: (a) Time domain waveforms when T;; = 0.03; (b) Fast Fourier
Transformation (FFT) analysis when T;; = 0.03; (c) Time domain waveforms when T;; = 0.01; (d) FFT
analysis when Tj; = 0.01.

5. Conclusions

Modeling and stability analysis of a single-phase two-stage grid-connected photovoltaic system
have been presented in this paper. (1) An integrated mathematical model including both DC-DC
converter and DC-AC converter is developed to capture the dynamics of the system, also the nonlinear
characteristic of the PV array is considered in the model; (2) An observer-pattern modeling method is
applied to transform the system into time-invariant; (3) Critical controller parameters that influence
the stability of the system are identified using eigenvalue sensitivity and eigenvalue loci plots. It is
found that T} is closely related to A3 4. The decrease in T;; makes A3 4 move to left in the s-plane
and is disadvantageous to the stability of the system. The theoretical results have been validated by
PSIM simulations.
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Appendix

The Jacobian matrix A is given as:

Aip A, O 0 0 0 0 0 0 0 0
Ay 0 Az 0 0 Ay O 0 0 0 0
0 Aszp 0 Azs Aszs Az 0 Asg Azg Az Aszn
0 0 Ags 0 Ags 0O 0 Agg 0 0 0
0 0 Ass As4 0 0 0 0 Asg 0 0
A=| Ag1 A2 O 0O 0 0 0 0O 0 0 0
0 A7p Ayz A7s Azs Az 0 Azg A79 Az10 Arn
0 0 Ag3z Aga 0 0 Agy Agg Asgg 0 0
0 Agp Agz Ags Ags Age A9y Agg Agg Agin Aon
o 0 0 0 O 0 0 0 0 0 Awn
0 0 0 0 0 0 0 0 0 Ao 0
where Ay, = —Cl.ijcii[gceu””e/mzu“), Ajp = —% Axr = Lb Az = (flﬁl - 1)/Lb/ Are = ”f;e,
Azp = (1 - ud )/Cdcr Azy = 2C1d (gZEuCqu — (14 g1°)ucy” )/ Azs = zcdc (gZCZ"che +(g1° — 1)”62176)/
1‘ (:' . .
Aye = —¢, Asg = (82" — (1 +gle>1 ) Ay = —xty (&2 + (316_1)10116)1
Az10 = ﬁ(*iodeuczd“rioq Ueg®), Az = 2(; (lod Ueag® + log Ue2d®), Asz = quMz Ags = w,
. 1, . uc2 . . . K1lscAr 8/ (Asl K1
Aus = m Asy = iy Asa = —w As = rfffn Ay = —chppee/ 00 + 7
Agp = c , A7p = Kpp (1— ! )/Cdc, A7z = %, A7y = fdc(gz Uepg® — (1+ 81°)Uead®),
Koy, © K . .
A7 = @(82 Ui’ + (17— Nuexg®), Aze = - pédih , Arg = ﬁ(gfloqe— (1+81%)i0d?),
K . . K . .
Az9 = _fpdzc (gZelode + (g1e - 1)1oqe>/ Az10 = TF;C (_lodeMCZde + 1oqeuc2qe)/
Kyt
A7 = zc (lod uc2q +10q Ucod ) Ags = — Lpﬁzlll;é , Aga = _%33/ Agy = KPZWI
K uC K,nK Kpsti4°
Agg = _LerUfAz’ Agy = w, Agp = —K 2KP3( >/ Cicr Aoz = —= B — P
KnK 1< KoK
Agy = %f(gzeuczqe —(1+&1upd), Ags = — Tf’; - pz 2 (g2%ueg® + (81° — 1)ucg®),
K 2K 3iL e K K K
A9/6 = %, ?9};7 = Tp: A9,8 = —Ww — 5%P3K(g2 loq 1 —|—g1 10 )
Uge . .
Agg = 7L?3U:42 - zpédf3 (82%0d° + (81° — 1)iog®), Agi0 = 5?;;93 (fod®tcad® — tog“Uc2q"),
KpKys /. .
Ag1n1 = — SZCf (fod°ticaq” + iog°ticad®), At011 = —2w, Aq1,10 = 2w.
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