Robust Decentralized Excitation Control of Multimachine Power Systems

Yi Guo, David J. Hill and Youyi Wang School of Electrical and Information Engineering, Sydney University

School of Electrical and Electronics Engineering, Nanyang Technological University NSW 2006, Australia Singapore 639798, Singapore

Abstract

This paper is an application of the nonlinear decentralized robust control [3] to the multimachine power systems. A decentralized excitation controller is designed explicitly to maintain a transiently stable closed-loop system at the present of uncertain network parameters. The effect of persistent disturbance whose bound is not known as a priori is effectively attenuated. The simulation of the proposed controller on a two-generator infinite bus power system shows the transient stability is greatly enhanced at different conditions of operation points, fault locations and network parameters.

1 Introduction

Since differential geometric tools were introduced to nonlinear control systems design, various stabilizing control results based on nonlinear power system models have been obtained by [5, 6] etc. for single machine systems and [7, 8, 9, 10, 11] etc. for multimachine systems. Decentralized control has been widely used in multimachine power system control. The authors of [7] apply the direct feedback linearization to transfer a nonlinear multimachine power system model to a linear one with linear bounded interconnections, then a robust decentralized control is applied and solving a set of algebriac Riccati equations gives controllers which guarantee the overall stability of the excitation system. [11] uses adaptive backstepping to design output feedback decentralized control for the turbine-governor system.

Recently in the nonlinear decentralized control work [3], we extend the result of [12] by allowing general nonlinear bound of interconnections. Robust backstepping and centralized H_∞ almost disturbance decoupling method have been combined with nonlinear decentralized design in [3]. In this paper we apply the nonlinear decentralized control scheme developed in [3] to the excitation control of multimachine power systems. Firstly by a nonlinear coordinate transformation the excitation system is transfered to a lower-triangular structured system, and the interconnection satisfies a general nonlinear bound. The decentralized controller is designed explicitly and the resulting closed-loop systems are transiently stable and attenuate the effect of persistent disturbance. The bound of disturbance is not known as a priori in the design. The proposed controller is simulated on a two generator infinite bus power system where the saturation effects of magnetizing inductances is also considered. The simulation results exhibit the robustness and enhancement of transient stability of the closed-loop system.

2 Power System Dynamic Model

For a large-scale power system consisting of n generators interconnected through a transmission network, we apply the classic dynamic model [1, 2]. A model for each generator with excitation control can be written as follows:

Mechanical equations:

δ̇_i = ω_i (1)

ω̇_i = − D_i 2H_i ω_i + ω_0 2H_i (P_{mi0} − P_{ei}) + d_i (2)

Generator electrical dynamics:

Ė^′_{qi} = 1 T^′_{doi} (E_{f i} − E_{qi}) (3)

Electrical equations:

E_{qi} = E^′_{qi} + (x_{di} − x^′_{di})I_{di}, (4) E_{f i} = k_{ci}u_{f i}, (5) P_{ei} = n∑ j=1 E^′_{qi}E^′_{qj} B_{ij} sin(δ_i − δ_j ), (6)

Q_{ei} = − n∑ j=1 E^′_{qi}E^′_{qj} B_{ij} cos(δ_i − δ_j ), (7)

I_{di} = − n∑ j=1 E^′_{qj} B_{ij} cos(δ_i − δ_j ), (8)

I_{qi} = n∑ j=1 E^′_{qj} B_{ij} sin(δ_i − δ_j ), (9) V_{ti} = √ (E^′_{qi} − x^′_{di}I_{di})^2 + (x^′_{di}I_{qi})^2. (10)

where δ_i is the power angle of the ith generator (in radian), ω_i is the relative speed, P_{mi0} is the mechanical input power, P_{ei} is the electrical power and E^′_{qi} is the transient EMF in the quadrature axis. Notations for other variables and parameters are same as those in [7, 13]. d_i is a persistent disturbance which could, for example, represent minor load changes, or fluctuations of the mechanical input power arising from nonideal behaviour of the power plant. We concern the disturbance effect on the power system frequency, i.e. f_i =^1_{2π} ω_i.

By applying direct feedback linearization compensation to (1)-(3) (see [7] for detail), we obtain:

δ̇_i = ω_i

ω̇_i = − D_i 2H_i ω_i − ω_0 2H_i △ P_{ei} + d_i △Ṗ_{ei} = − 1 T^′_{doi} x_{i3} + 1 T^′_{doi} v_{f i} + γ_i(δ, ω) (11)

where △P_{ei} = P_{ei} − P_{mi0}, (12) γ_i(δ, ω) = E^′_{qi} n∑ j=1 Ė^′_{qj} B_{ij} sin(δ_i − δ_j )

−E^′_{qi} n∑ j=1 E^′_{qj} B_{ij} cos(δ_i − δ_j )ω_j , (13) v_{f i} = I_{qi}k_{ci}u_{f i} − (x_{di} − x^′_{di})I_{qi}I_{di} − P_{mi0} −T^′_{d0i}Q_{ei}ω_i. (14) Now we seek the bound of the interconnection term γ_i(δ, ω). Since the electrical power P_{ei} and the reactive power Q_{ei} of each generator and the electrical power flow through each transmission line are all bounded, and the excitation voltage E_{f i} may raise by 5 times of the E_{qi} when there is no load in the system, by simple substitutions (see [13] for detail) we have |γ_i(δ, ω)| ≤ n∑ j=1 (γ_{i1j} | sin δ_j | + γ_{i2}|ω_j |) (15)

where

γ_{i1j}^△= ∑_n j=1,j≠i 4p_{1ij} |T^′_{doj} |_{min} |Pei|max when j = i 4p_{1ij} |T^′_{doj} |_{min} |Pei|max when j ≠ i, γ_{i2}^△= p_{2ij} |Q_{ei}|_{max}. (16)

and p_{1ij} , p_{2ij} are constants with values either 1 or 0 (if they are 0, it means that jth subsystem has no connection with the ith subsystem).

The fault we consider in this paper is a symmetrical three-phase short circuit on one of the transmission lines. We test the transient stability of the power control system under the following temporary fault sequence:

Stage 1: The system is in a prefault steady state;δ_i: the power angle of the ith generator, in radian; ω_i: the relative speed of the ith generator, in rad/s; P_{mi0}: the mechanical input power, in p.u.; P_{ei}: the electrical power, in p.u.; ω_0: the synchronous machine speed, in rad/s; Stage 2: A fault occurs at t = t_0;

Stage 3: The fault is removed by opening the breakers of the faulted line at t = t_1;

Stage 4: The transmission lines are restored at t = t_2; Stage 5: The system is in a postfault state.

The control task we address in this paper is as follows:

Design decentralized nonlinear feedback control law u_{f i}(i = 1, 2, . . . , n) for the excitation system, such that the resulting closed-loop systems are transiently stable when a major fault occurs; furthermore, the effect of the persistent disturbance on the system frequency is reduced to a certain level.

3 Decentralized Excitation Controller Design

Defining the states as [z_{i1}, z_{i2}, ξ_i] = [δ_i, ω_i, △P_{ei}], we represent the excitation system model after coordinate transformation in state space:

ż_{i1} = z_{i2}

ż_{i2} = − D_i 2H_i z_{i2} − ω_0 2H_i ξ_i + d_i

ξ̇_i = − 1 T^′_{doi} ξ_i + 1 T^′_{doi} v_{f i} + γ_i(z) (17)

where d_i is the disturbance, v_{f i} is the to-be-designed input, and |γ_i(z)| ≤ n∑ j=1 (γ_{i1j} | sin z_{j1}| + γ_{i2}|z_{j2}|) . (18)

The to-be-controlled output (power system frequency) is defined as y_i =^1_{2π} z_{i2}.

It is clear that (17) exhibits a lower-triangular dependence on the local coordinates, disturbance enters the system without matching condition, and the interconnections among subsystems are bounded by general nonlinear functions. The nonlinear decentralized control scheme proposed in [3] can be applied. Only an outline is given here; for more detail see [13].

Step 1: Considering the z_i = (z_{i1}, z_{i2})-subsystem, seeing ξ_i as the virtual control, we have

ż_i = A_iz_i + B_i (ξ_i + k_id_i) (19)

where

A_i = [ 0 1 0 −^{Di}_{2Hi} ] , B_i = [ 0 −^{ω0}_{2Hi} ] , k_i = − 2H_i ω_0 . Choose the Lyapunov function candidate:

V_i(z_i) = ϕ_i (V_{i0}(z_i)) (20)

where ϕ_i is a smooth K_∞ function which will be defined in the last step of the design, and V_{i0} = z^T_i P_iz_i with P_i > 0 solving the algebraic Riccati equation:

A^T_i P_i + P_iA_i − 2ε_iP_iB_iB^T_i P_i + Q_i = 0 (21) with ε_i > 0, and Q_i > 0.

Differentiating (20) along the solution of z_i-subsystem, V̇_i = ∂ϕ^i ∂V_{i0} 2z^T_i P_i [A_iz_i + B_i (ξ_i + k_id_i)] (22)

Notice that ∂ϕ_i ∂V_{i0} 2z^T_i P_iB_ik_id_i ≤ 1 τ_i ( ∂ϕ_i ∂V_{i0} )_2 ( z^T_i P_iB_ik_i )_2

+ τ_i|d_i|^2 (23)

Choose the virtual control ξ_i = ξ^∗_i as

ξ^∗_i = − { ε_iB^T_i P_iz_i + 0.5 1 τ_i ∂ϕ_i ∂V_{i0} ( z^T_i P_iB_i ) k^2_i } (24)

then we have the dissipation inequality V̇_i ≤ − ∂ϕ^i ∂V_{i0} ( z^T_i Q_iz_i ) + τ_i|d_i|^2. (25)

Step 2: Augment the z_i-subsystem with the ξ_isubsystem, and choose a Lyapunov function as

W_i(z_i, ξ_i) = V_i(z_i) + (ξ_i − ξ^∗_i )^2 (26)

Note that ξ̇^∗_i^△= ϑ_i(z_i, ξ_i) + σ_i(z_i)d_i.

Differentiating W_{i1} along the solutions of the (z_i, ξ_i)- subsystem yields (with ~ξ_i = ξ_i − ξ^∗_i ): Ẇ_i ≤ { − ∂ϕ_i ∂V_{i0} ( z^T_i Q_iz_i ) + τ_i|d_i|^2 } + 2~ξ_i · { ∂ϕ_i ∂V_{i0} z^T_i P_iB_i − 1 T^′_{doi} ξ_i + 1 T^′_{doi} v_{f i} + γ_i(z) − ϑ_i − σ_i(z_i)d_i } (27)

For the interconnected term in (27), we have 2~ξ_iγ_i(z) ≤ 2|~ξ_i| · |γ_i(z)| ≤ |~ξ_i|^2 n∑ j=1 ϱ_j + n∑ j=1 ϱ^{−1}_j (γ_{i1j} | sin z_{j1}| + γ_{i2}|z_{j2}|)^2

For the disturbance term in (27), we have

2~ξ_i [−σ_i(z_i)d_i] ≤ 1 τ_i ~ξ^2_i σ^2_i (z_i) + τ_i|d_i|^2 (28)

Choose the true control as v_{f i} = −T^′_{doi} c_i ~ξ_i + ∂ϕ_i ∂V_{i0} z^T_i P_iB_i − 1 T^′_{doi} ξ_i − ϑ_i

+0.5|~ξ_i| n∑ j=1 ϱ_j + 0.5 1 τ_i ~ξ_iσ^2_i (z_i) (29) then we have the dissipation inequality Ẇ_i ≤ − ∂ϕ^i ∂V_{i0} ( z^T_i Q_iz_i ) − c_i ~ξ^2_i + 2τ_i|d_i|^2 + n∑ j=1 ϱ^{−1}_j (γ_{i1j} | sin z_{j1}| + γ_{i2}|z_{j2}|)^2 . (30)

Step 3: We construct the K_∞ function ϕ_i in this step. Define Lyapunov function for the whole interconnected system as W (z, ξ) = n∑ i=1 W_i = n∑ i=1 { ϕ_i (V_{i0}(z_i)) + (ξ_i − ξ^∗_i )^2 }

From (30) we obtain Ẇ (z, ξ) ≤^n ∑ i=1 − ∂ϕ_i ∂V_{i0} ( z^T_i Q_iz_i ) − c_i ~ξ^2_i + 2τ_i|d_i|^2

+ n∑ j=1 ϱ^{−1}_j (γ_{i1j} | sin z_{j1}| + γ_{i2}|z_{j2}|)^2

(31)

Construct the derivative of ϕ_i as ∂ϕ_i ∂(V_{i0})

= l_i + 1 λ_{min}(Q_i) N∑ j=1 ϱ^{−1}_i max { γ^2_{j1i}, γ^2_{j2} }

(32)

Then we have Ẇ (z, ξ) ≤^n ∑ i=1 { −l_iλ_{min}(Q_i)|z_i|^2 − c_i ~ξ^2_i + 2τ_i|d_i|^2 } .

Theorem 1 The decentralized control (29) globally stabilizes the transformed power system model (17), with all admissible uncertainties in the interconnection which satisfies (18); and the L_2 gain from the persistent disturbance to the power system frequency can be reduced to a given level.

Following the design procedure presented above, the proof of Theorem 1 can be easily obtained from the proof of the main theorem in [3].

Since the coordinate transformation between (1)-(3) and (17) is a diffeomorphism, the control task defined in Section 2 is achieved for the power system model (1)-(3). The excitation control input u_{f i} can be obtained by an inverse transform of (14) which gives

u_{f i} = 1 k_{ci}I_{qi} { v_{f i} + P_{mi0} + (x_{di} − x^′_{di})I_{qi}I_{di} +T^′_{d0i}Q_{ei}ω_i } . (33)

Note that u_{f i} is well-defined since I_{qi} = 0 is not in the normal working region for a generator.

4 Simulation Results

The decentralized controller designed above was simulated on a two-generator infinite bus power system which is shown in Figure 1. The generator and the transmission line parameters are listed in Table 1. The fault sequence is as stated in Section 2, where it is chosen that t_0 = 0.1s, t_1 = 0.25s, t_2 = 1s. According to Table 1, we

Figure 1: A two machine infinite bus power system

Table 1: System parameters

Generator #1 Generator #2 x_d (pu) 1.863 2.36 x^′_d (pu) 0.257 0.319 x_T (pu) 0.129 0.11 x_{ad} (pu) 1.712 1.712 T^′_{d0} (pu) 6.9 7.96 H (s) 4 5.1 D (pu) 5 3 k_c 1 1 x_{12} (pu) 0.55 x_{13} (pu) 0.53 x_{23} (pu) 0.6 ω_0 (rad/s) 314.159

have the system data used in Section 4 as

A_1 = [ 0 1 0 −0.625 ] , B_1 = [ 0 −39.27 ] ; A_2 = [ 0 1 0 −0.2941 ] , B_1 = [ 0 −30.8 ] ; γ_{111} = γ_{112} = 0.7817, γ_{12} = 1.4;

γ_{211} = γ_{212} = 0.9662, γ_{22} = 1.5. (34)

In the controller design, we choose Q_1 = Q_2 = 0.8I , ε_1 = ε_2 = 14 to get

P_1 = [ 0.8043 0.0043 0.0043 0.0043 ] , P_2 = [ 0.8055 0.0055 0.0055 0.0055 ] . And other design parameters are chosen as

ϱ_1 = ϱ_2 = 0.1, τ_1 = τ_2 = 0.5, l_1 = l_2 = 2, c_1 = c_2 = 0.1.

Using the above parameters, the decentralized controllers we derived are:

v_{f 1} = 19.68(δ_1 − δ_{10}) + 20.60ω_1 − 93.81(P_{e1} − P_{m10}), v_{f 2} = 19.69(δ_2 − δ_{20}) + 21.45ω_2 − 73.95(P_{e2} − P_{m20});

and the original excitation control for the two-generator infinite bus power system can be obtained using (33) with i = 1, 2. The deduced L_2 gain from the persistent disturbance to the system frequency is μ_1 = μ_2 = 0.63/(2π) = 0.1.

In the simulation, saturation of synchronous machines is also considered, so (3) becomes

Ė^′_{qi} = 1 T^′_{doi} [E_{f i} − E_{qi} − (1 − k_{f i})E^′_{qi}] (35)

where k_{f i} = 1 +^{bi}_{ai} (E^′_{qi})^{(ni −1)} with a_1 = 0.95, b_1 = 0.051, n_1 = 8.727; a_2 = 0.935, b_2 = 0.064, n_2 = 10.878. The excitation control input limitations are −3 ≤ E_{f i} = k_{ci}u_{f i} ≤ 6, i = 1, 2. We demonstrate the performance of the proposed controller in the following two cases of different sets of operation points, fault locations. The symmetrical 3-phase short circuit fault occurs on one of the transmission lines between the generator #1 and the generator #2. The fault location is indexed by a constant λ which is the fraction of the line to the left of the fault. The persistent disturbance d_1 = d_2 = 0.3p.u. is used in the simulation. Case 1: The operating points are:

δ_{10} = 60.78^∘, P_{m10} = 1.10p.u., V_{t10} = 1.0p.u., δ_{20} = 60.64^∘, P_{m20} = 1.01p.u., V_{t20} = 1.0p.u.

The fault location is λ = 0.2. The corresponding closedloop system responses are shown in Figure 2. Case 2: The operating points are:

δ_{10} = 18.51^∘, P_{m10} = 0.32p.u., V_{t10} = 0.99p.u., δ_{20} = 23.68^∘, P_{m20} = 0.42p.u., V_{t20} = 0.98p.u.

The fault location is λ = 0.05. The corresponding closedloop system responses are shown in Figure 3.

From the simulation results we can see that the proposed decentralized controllers enhance the system transient stability and dampen out the power angle oscillations. And the effect of persistent disturbance on the system frequency is reduced to quite small.

5 Conclusions

In this paper we apply the recently developed nonlinear decentralized robust control scheme [3] to the excitation control of multimachine power systems. A decentralized robust controller is designed stepwisely in Section 4. The proposed controller guarantees the overall stability of the large-scale power systems and is robust with regard to uncertain network parameters. The interconnection bound is a nonlinear function which achieves less conservativeness of the controller. The effectiveness of the controller are demonstrated on a two-generator infinite bus example system.

References

[1] A. R. Bergen, Power System Analysis, Prentice- Hall, New Jersey, 1986.

[2] P. Kundur, Power System Stability and Control, McGraw-Hill, New York, 1994.

[3] Y. Guo, Z. P. Jiang and D. J. Hill, “Decentralized robust disturbance attenuation for large-scale nonlinear systems”, Preprints of the 4th IFAC Nonlinear Control Systems Design Symposium, Enschede, The Netherlands, pp. 872-877, 1998.

[4] D. J. Hill, I. A. Hiskens and Y. Wang, “Robust adaptive or nonlinear control for modern power systems”, Proceedings of the 32nd IEEE Conf. of Decision and Control, San Antonio, Texas, pp. 2335-2340, 1993. [5] F. K. Mark, “Design of nonlinear generator excitors using differential geometric control theories”, Proceedings of the 31st IEEE Conf. of Decision and Control, Tuscon, Arizona, U.S.A, pp. 1149-1153, 1992.

[6] Y. Wang, L. Xie, D. J. Hill and R. H. Middleton, “Robust nonlinear controller design for transient stability enhancement of power system”, Proceedings of the 31st IEEE Conf. of Decision and Control, Tuscon, Arizona, U.S.A, pp. 1117-1122, 1992.

[7] Y. Wang, G. Guo and D. J. Hill, “Robust decentralized nonlinear controller design for multimachine power systems”, Automatica, Vol. 33, No. 9, pp. 1725-1733, 1997.

[8] J. W. Chapman, M. D. Ilic, C. A. King, L. Eng and H. Kaufman, “Stabilizing a multimachine power system via decentralized feedback linearizing excitation control”, IEEE Trans. Power Systems, vol. 8, pp. 830-839, 1993. [9] Q. Lu, Y. Sun, Z. Xu and T. Mochizuki, “Decentralized nonlinear optimal excitation control”, IEEE Trans. Power Systems, Vol. 11, pp. 1957-1962, 1996. [10] C. Sun, Z. Zhao, Y. Sun and Q. Lu, “Design of nonlinear robust excitation control for multimachine power systems”, IEE Proc. Gener. Transm. Distrib., Vol. 143, No. 3, pp. 253-257, 1996.

[11] S. Jain, and F. Khorrami, “Robust decentralized control of power systems utilizing only swing angle measurments”, Int. J. Control, Vol. 66, No. 4, pp 581-601, 1997.

[12] S. Jain, and F. Khorrami, “Decentralized adaptive control of a class of large-scale interconnected nonlinear systems”, IEEE Trans. Automat. Contr., vol. 42, no. 2, pp. 136-154, 1997.

[13] Y. Guo, D. J. Hill and Y. Wang, “Nonlinear decentralized control of large-scale power systems”, Technical Report EE-98020, Laboratory for Dynamical Systems and Control, University of Sydney, web site at http://merlot.ee.usyd.edu.au/tech rep/index.html.

Figure 2: System responses of Case 1

Figure 3: System responses of Case 2