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refers to agents that must operate robustly in open, unpredictable environments
where significant changes may occur. In this paper, wind turbines and photovoltaic
systems are considered as distributed generation agents, with each of these
elements treated as an individual agent. Given the heterogeneity of these agents,
the system is considered heterogeneous, complicating problem-solving. To address
this issue and convert it into a homogeneous problem, it is assumed that identical
agents have separate leaders, and if all agents are synchronized, the heterogeneous
problem can be effectively treated as a homogeneous one. Following the leader is
achieved using a terminal sliding mode controller, with the primary advantages of
this method being overall system stability, finite-time convergence, and agent

synchronization.

1. INTRODUCTION

The power grid is evolving towards what is known as "smart grids." The development of communication
infrastructures and power electronics interfaces with control capabilities enables the management of complex
systems in efficient and scalable ways. Multi-Agent Systems (MAS) based on the distribution of information and
computational algorithms provide an excellent technological solution for these applications. This research focuses
on the applications of MAS in power systems, demonstrating how they can be integrated with other artificial
intelligence techniques to create a smarter and more flexible grid.

Implementing a control network based on multi-agent systems (MAS) capable of making intelligent decisions on
behalf of the user has become the focus of extensive research in this field [1]. Frequency control of an isolated
microgrid is achieved through the management of energy storage, such as superconducting magnetic energy storage
and battery energy storage, as well as the control of existing distributed generators, including wind turbines,
microturbines, and load control capabilities. Frequency control in an isolated microgrid is more challenging than in
conventional power systems [2,3]. Expert systems can contribute to the instantaneous power injection for primary
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frequency control [4]. Consequently, the appropriate distribution of distributed generators (DGs) is recognized as
playing a significant role in the stability and frequency regulation of a microgrid under new equilibrium conditions
[5,6]. A hierarchical frequency control scheme for centralized microgrid control to achieve improved frequency
coordination between expert systems and DGs is presented in [7,8]. Moreover, the corresponding hierarchical
frequency control and multi-agent systems require a powerful Microgrid Central Controller (MGCC) [9, 11], which
is expensive and susceptible to failures when handling a vast amount of data. In [11], a stable load shedding (LS)
algorithm based on multi-agent systems for power systems is proposed and emphasized. A MAS-based scheme for
a microgrid is presented in [12].

An agent can perceive its environment and make decisions in response to environmental changes, independently
resolving issues according to its objectives [13, 14]. Given that the characteristics of multi-agent systems are well-
suited for the operation of microgrids, it has been demonstrated that agent-based operations are efficient for
microgrid management and also for smart grid operations. Research has focused on the operation of microgrids using
multi-agent systems [15]. In the proposed system, agents collect information from each component and send it to
the decision-making agent.

In this paper, wind turbines and photovoltaic systems are considered as distributed generation agents, with each
of these elements treated as an individual agent. Due to the differences among the agents, the system is considered
heterogeneous, which complicates problem-solving. To address this issue and convert it into a homogeneous
problem, it is assumed that identical agents have separate leaders. If all agents are synchronized, the heterogeneous
problem can effectively be treated as a homogeneous one. Leader-following is achieved using terminal sliding mode
control, and the main advantages of this method are overall system stability, finite-time convergence, and agent
synchronization.

The dynamic equations of wind turbines and photovoltaic systems are discussed in Section 2. Section 3 focuses
on the design of the multi-agent sliding mode controller, and the simulation results are examined in Section 4.
Finally, the paper concludes with the conclusion section.

2. DYNAMIC EQUATIONS OF WIND TURBINE AND PHOTOVOLTAIC
This section presents the dynamic models of wind turbines and photovoltaic systems. In the equations describing

the wind turbine, the stator and rotor currents are considered as outputs, and the stator and rotor voltages are
considered as inputs. The equations can be expressed as follows.

Vas = —Rylgs — Wsthgs + ot (1)
Vgs = —Ryigs + W5thas + 2 @)
Var = =Rylgr — S@ghgr + ol 3)
Vgr = —Ryigr + Swgihay + 2L )

Where v denotes voltage, R denotes resistance, i denotes current, wg denotes the electrical frequency of the stator,
1 denotes the flux linkage, and s denotes rotor slip. Moreover, d and q specify the direct and quadrature axis
components, respectively.

Yas = _(Ls + Lm)ids — Lipiar (%)
qu = _(Ls + Lm)iqs - Lmiqr (6)
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Var = =Ly + Lipdiar — Liigs (7)
1pqr = _(Lr + Lm)iqr - Lmiqs (8)

The mutual inductance is denoted by Lm, while the self-inductances of the stator and rotor are denoted by Ls and
Lr respectively. The rotor slip s is defined as follows:

ws—gwm

g = 5a%m ©)

Wg

where p is the number of poles, and w,, is the mechanical frequency of the generator. The active and reactive
power generated by the wind turbine are given as follows:

P = vgslqs + Vgsligs + Varlar + Vgrigr (10)
Q= 1Jqsids - 17dsiqs + 17q‘ridr - vdriqr (11)

Now we can express the above equations in the following state-space form.

x = [igs igs tar iqr]” (12)
U = [vas Vgs Var Vqr]T (13)
y =Ix (14)
Ax + Ayx = Iu (15)

In the above equation, the model parameters can be expressed as follows:

—(Ly+1L,) 0 -L, 0
0 —(Lg + L,,) 0 —Lp,
A = (16)
L, 0 -(L, +Ly,) 0
0 _Lm 0 _(Lr + Lm)
_Rs ws(Ls + Lm) 0 wsLm
4 |moss + L) —R — 5Ly, 0 .
2 = _ (17)
0 SWgLyy, R, swg(Ly + L)
—SWsLm, 0 —sws(Ly + L) —R,
10 0 0
10100
I'=10 0 1 0 (18)
0 0 0 1

Now, after multiplying the equation by the inverse of Aj, the state-space representation can be expressed as
follows.

X = —A7 Ax + ATtu (19)
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A=-A7'A, . H=A! (20)
x =Ax + Hu 21
y=Ix (22)

In this section, the dynamics of the photovoltaic system are introduced. The dynamic model of the grid-connected
solar cell system, in which the DC voltage produced is converted to three-phase voltage by an inverter and an LCL
filter, is presented.

Now, using the Park transformation (abc/dq), we can transform the three-phase output voltage of the inverter into
dq coordinates. Consequently, the equations for the current and output voltage of the inverter in dq coordinates are
written as follows.

.1 _ Ved . 1

iyg = . + wizg — ngd (23)
o Pea o L

l2g = . Wiyg 5 Vgq (24)
5 _ lid 1.,

Veg = ? + wvgg — Elm (25)
. _ i1q 1,

Veq = ? — WV¢q — Equ (26)
=2t Wi, —— 27
liga = L wllq Ly Vca ( )

., _vg . 1
g = o Wwigg — Zch (28)

Now, the state variable for the photovoltaic cell is defined as x = [i54 Iz Veq Veq l1a ilq]T, and the control input
is defined as U = [vgq Vgq Vg vq]T. The output is also considered as y = x. The state-space representation can be
expressed as follows.

x =Ax + Hu (29)
y=Ix (30)

In the above relationship, the coefficients and matrices can be expressed as follows.

0w L 000
2 1
—-W 0 0 Ly 00
—Ci 0 0 w Ci 0
4= i f (€28
0 - - - 0 0 =
Cr Cr
0 0 _1 0 0
b L —w 0
0 0 0 Ly
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1
- 0 0 0
o -1L 0 o0
L2 0 0
_|0 0
N R G2)
1
— 0
0 0 Ly
0 0 0 —
| Ly

The objective is to unify the d and q components of the filter output current for all photovoltaic cells. These
components are our outputs. If we use the Park transformation (dg/abc) to convert the d and q components to three-
phase, and assuming the d and q components of the filter output current are unified for all photovoltaic cells, then
the amplitude and frequency of the three-phase output current will be identical for all cells. To achieve this goal, we
must write the consensus error for the output and aim to minimize this error towards zero. If this error approaches
zero, then the d and q components of the filter output current will be identical for all photovoltaic cells.

Considering that sunlight is uncertain and not always available, the output current also has uncertainty. We assume
that the d component of the input current, the capacitor voltage, and the output current have disturbances.
Additionally, we assume there are M photovoltaic cells. The state-space equations for the j -th photovoltaic cell are
written as follows. X; = [X;1 .. Xju] is the state variable, Uj is the input, Yj is the output, and Dj is the
disturbance corresponding to the j-th cell.

Y, = IX; (34)
1 0 O
0 0 O
_|{0 1 0
R = 00 0 (35)
0 0 1
0 0 O

Now, considering the dynamic equations of each photovoltaic element and turbine, in the next section, we will
proceed with the design of a sliding mode controller for the multi-agent system.

3. DESIGN OF SLIDING MODE CONTROLLER FOR MULTI-AGENT SYSTEM

In the context of designing a multi-agent sliding mode controller, consider the following dynamic equations of a
single agent:

Xj:AXj +HUj +RD]- (36)
Y, = IX; (37)
1 0 O
0 0 O
_10 1 0
R = 00 0 (38)
0 0 1
0 0 O
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Given that X; = [Xj;1 .. X i6]" is the state variable, Uj is the input, Yj is the output, and Dj is the disturbance
corresponding to the j -th cell, we now consider a multi-agent system composed of several photovoltaic cells. These

cells influence each other, and the effects of the currents from other photovoltaic cells on each other can be
represented using the adjacency matrix Aqq; in the overall system dynamics.

To achieve this, we express the system using the Kronecker product as follows:

Assuming X =[X; .. Xy]" « U=[U; .. Uy]" « D=[D; .. Dy]"and Y =1[V; .. Yy]" the
relationship can be rewritten as follows:

X=(Uy®AX + Iy ®RD + (Iy ® H)U (39)
Additionally, the dynamics of the leader can be expressed as follows:

Xo= Uy @ DXy + Iy ® M) (40)
Now, we need to write the consensus error for the output Y.

e = — XNz a5 (Y, = V) = b (Y; = ) (41)

In the above relationship, ¥, = [1 ...1]T holds. Furthermore, according to the properties of the Kronecker
product, the above relationship can be expressed as follows:

E=—(L+B]® L)Y+ (B ®L)Y, 42)

In this relationship, L is the Laplacian matrix of the graph. Considering the properties of the Laplacian
matrix, the above relationship can be expressed as follows:

E=—(L+B]® L)Y —Y) (43)
Now, by taking the derivative, the consensus error dynamics are obtained as follows:

E=—([L+B] QL)Y —Y,) (44)
Given Y; = IX; and Y, = IX,, the following relationship can be obtained:

E=—([L+B]® L)y ®AX + (Iy ® R)D + (Iy ® H)U — (Iy @ A)X, — (Iy ® H)r} (45)

Considering the property of the Kronecker product, we have:

(I,®4). (BQL,) = (I,.B)®(A.I,,) = (B.I,)®(I,,. A) = (BQI,,).([,®A4) (406)
As a result, the consensus error dynamics can be expressed using the property of the Kronecker product as follows:

E=—(L+B]® L)y ®AX ~Xo) = (L +Bl® L)y ® R)D = ([L + B1 ® L,)(Iy @ H)(U —1) (47)

Now, considering the relationships Y = IyX and E = —([L + B] ® I,)(Y — Y;), the consensus error dynamics
are derived as follows:

E=L+Bl®L)Iy®@AUL+BI®L)E~(L+B]® )y ®R)D~(L+Bl® L)y ®H) (U ~-r)

A R H

(48)
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In the process of designing a sliding mode controller, the sliding surface is considered as S = ATE, where 1 1is a
vector of appropriate dimensions. The sliding surface dynamics are obtained as:

S=ME=A(AE-RD-H{U-1)) (49)
Now, let us consider the Lyapunov function as V = éS 2. The derivative of the Lyapunov function is given by:

V=s$=s{a (AE-RD-HW-1))} (50)
For the system to be stable, the derivative of the Lyapunov function must be negative definite:

V =55<-1|S| (51)

The control input is considered as U = U, + U4, where U, is designed to eliminate the deterministic terms of
the system and Ur o counteract the system disturbances. Thus, we have:

Ueg =7+ H*AE — H'RD (52)

U, = —ksign(S) (53)
Considering the magnitude of disturbances, the maximum gain can be determined as:

D = [d;] = ldil < dimax = Dmax = [dimax] (54)
The proposed method in this section will be implemented on photovoltaic and wind turbine systems.

4. SIMULATION RESULTS

Let us consider a system equipped with three solar cells and three wind turbines. The objective is to synchronize
and equalize the d and q components of the currents of both the wind turbines and the solar cells.

4.1. Simulation and Results of the Designed Controller for Wind Turbines

By applying the controllers designed in the previous section, the simulation results are as follows.

The parameter values of the wind turbine system are provided in the table below.

Table 1. Specifications of the DFIG Generator

DFIG Characteristics Value
Number of poles 4
Generator speed 900-2100 rpm

Mutual inductance Lm 3.0 p.u.

Stator leakage reactance Ls 0.10 p.u.
Rotor leakage reactance Lr 0.08 p.u.
Stator resistance Rs 0.01 p.u.
Rotor resistance Rr 0.01 p.u.

The stator currents related to the d and q components are shown in Figures 1 and 2. As observed, the rotor currents
of all the wind turbines reach consensus and synchronize.
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Time Series Plot:1
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Fig. 1. The d component of the stator output currents.

Time Series Plot:2

0 5 10 15
Time (seconds)

Fig. 2. The q component of the stator output currents.

The simulation results for the d and q components of the rotor currents are shown in Figures 3 and 4. As observed,
the rotor currents of all the wind turbines converge and synchronize.

Time Series Plot:3

200
150 ||
E 100

50

0 2 4 6 8 10 12 14
Time (seconds)

Fig. 3. The d component of the rotor output currents.
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Time Series Plot:4
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Fig. 4. The q component of the rotor output currents.

Additionally, the control inputs u.g, Ur, and the overall control input « for each agent are presented below.

Time Series Plot:
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Fig. 5. The ueq input for each agent.

Time Series Plot:
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Fig. 6. The u: input for each agent.
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Time Series Plot:
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Fig. 7. The overall control input ufor each agent.

It is evident that consensus among the agents has been successfully achieved, and the follower agents accurately
follow the leader agent. The controller demonstrates robustness against uncertainties and external disturbances.

4.2. Simulation and Results of the Designed Controller for Solar Cells

The simulation results for the d and q components of the output currents of the solar cell filters are shown in
Figures 8 and 9. As observed, the output currents of all the solar cell filters converge and synchronize.

Time Series Plot:

0 05 1 15 2 26 3 35 4 45 5
Time (seconds)

Fig. 8. The d component of the output currents of the solar cell filters.

Time Series Plot:

350
300
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= 200
150

100

-50
0 0.5 1 1.5 2 25 3 35 4 4.5 5
Time (seconds)

Fig. 9. The q component of the output currents of the solar cell filters.
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The simulation results for the d and q components of the output currents of the solar cell inverters are shown in
Figures 10 and 11. As observed, the output currents of all the solar cell inverters converge and synchronize.

Time Series Plot:

1400

1200

1000

2d
2
S

0 05 1 15 2 26 3 35 4 45 5
Time (seconds)

Fig. 10. The d component of the output currents of the solar cell inverters.

Time Series Plot:
350

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time (seconds)

Fig. 11. The q component of the output currents of the solar cell inverters.

From the above figures, the following characteristics can be inferred:
1. Consensus among the agents and the corresponding leader is achieved.
2. The error between the state variables of the followers and the corresponding leader converges to zero.

3. The agents exhibit robustness in the presence of uncertainties.

5. CONCLUSION

In this paper, wind turbines and photovoltaic systems are considered as distributed generation agents, with each
element treated as an individual agent. A multi-agent system is designed for these different agents to achieve
consensus among them. The system is considered heterogeneous, which complicates the problem. To address this
issue and transform the problem into a homogeneous one, it is assumed that identical agents have separate leaders.
If all agents synchronize with each other, the heterogeneous problem effectively becomes solvable as a homogeneous
problem.

The main advantages of the proposed method include:

1. Robustness against uncertainties.

2. Transformation of a heterogeneous problem into a homogeneous one using multiple leaders.
3. Overall system stability.

4. Synchronization among the agents.
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