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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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The new electricity grid of the future, smart grid, can be seen as the interconnection of multiple microgrids. These microgrids are 
usually composed of distributed energy resources (DERs) that connect to each other in different topologies. Therefore, the 
modeling and control of meshed microgrids are requisite. This paper presents a mathematical approach for the modeling and 
decentralized control of multi-DER isolated microgrids (ImGs) with a meshed topology. Based on the advanced control scheme: 
Hamiltonian surface shaping and power flow control (HSSPFC), decentralized controllers are designed independently using only 
local information. These controllers regulate the voltage at the point of common coupling (PCC) of their respective DERs and 
guarantee the stability of the overall ImG without requiring any communication infrastructure; hence, avoiding a single point of 
failure and harvesting the scalability of the ImG. 
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1. Introduction 

The control strategies for microgrids are categorized into three hierarchical control levels: primary control, 
secondary control, and tertiary control [1]. The primary control ensures the system’s reliability and resiliency since it 
does not rely on communication infrastructure and uses local controllers with fast response to ensure the system 
stability. The secondary control uses a central controller with relatively slower dynamics to restore the voltage and 
frequency and compensate the deviation caused by the primary control. Tertiary control adds an extra layer to ensure 
that the microgrid operates optimally and economically in the longer timescale. 

 
Various control methods have been proposed in the literature for the primary control level. These methods can 

be categorized into two groups  [2]. The first group includes the active load sharing methods such as the centralized 
method [3], the master-slave method [4], and the average load sharing method [5]. All these methods rely on 
communication infrastructure for measurements, supervision, and coordination of the distributed energy resources 
(DERs). The communication failure represents a single point of failure that jeopardizes the entire microgrid and can 
lead to its collapse. The second group includes the droop methods that only use local measurements to share the load 
and maintain the voltage without requiring any communication infrastructure [6]. 

 
Many research works that address the advanced control techniques for microgrids have been reported in the 

literature [7–10]. However, as reviewed in reference [11], the decentralized control of meshed microgrids has not 
been investigated significantly and remains an open research topic. The most important contribution in this area is 
the work of reference [12] that proposed a novel control scheme for islanded microgrids with meshed topology. In 
this work, decentralized controllers were designed to guarantee the stability of the overall isolated microgrid (ImGs) 
while regulating the voltage and frequency at the point of common coupling (PCC) of each DER. However, this 
design procedure cannot be considered completely decentralized since two global scalar quantities were used for the 
design of the controllers. 

 
In this paper, a fully decentralized control scheme for multi-DERs ImGs with a meshed topology is presented. 

First, the state-space model of two interconnected DERs was developed. Next, the resulting state-space model was 
extended to ImGs with N interconnected DERs in a meshed topology. This model was then used to design the 
decentralized controllers based on the advanced design technique: Hamiltonian surface shaping and power flow 
control (HSSPFC) [13–17], which is a two-step analysis and design method for control laws [18]. The first step 
consists of shaping the Hamiltonian energy surface, using the integral gain of the controller, to guarantee the static 
stability. The second step is the power flow control that guarantees dynamical stability by choosing the proportional 
gain of the controller. This procedure allowed us to synthesize decentralized controllers that regulate the voltage at 
the PCC of their respective DERs and guarantee the stability of the overall ImG in a decentralized fashion, relying 
only on local information, and without requiring communication between DERs. 

 
The rest of this paper is organized as follows. In Section 2, the state-space models of the subsystems and the 

meshed ImG are derived. Section 3 details the HSSPFC control design procedure and proves the stability of the 
ImG. Section 4 supports the design procedure with simulation and investigates the performance of the designed 
decentralized controllers. Section 5 concludes the paper. 

 

2. Microgrid Model 

2.1. Model of two interconnected subsystems 

In this section, the state-space model of the studied ImG is developed. For simplification, the state-space 
equations of an ImG with two parallel subsystems denoted i and j are derived, then the resulting model is extended 
to ImGs with N subsystems in a meshed topology.  
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Fig. 1. Schematic of an ImG consisting of two connected subsystems. 

 
The two subsystems are shown in Fig. 1. A nonzero impedance line (Rij, Lij) is connecting the two subsystems. 

Each subsystem consists of: 
 a DER unit consisting of an inverter connecting a DC bus (a stochastic renewable energy sources in series with 

an energy storage unit) to the PCC through a series filter (
if

R ,
if

L ); 
 a parallel three-phase RLC network representing the dedicated load connected at the PCC. 
 

First, the state-space equations of the ith subsystem in the abc-frame are derived: 
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The variables in (1) are vectors composed of the three-phase quantities. Under balanced conditions, the 
application of the dq0 transformation to the state-space equations of (1) in the stationary abc-frame yields to the 
state-space equations of the ith subsystem in a rotating dq-frame with speed ω0 [17]: 
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Note that the ith and jth subsystems are symmetric, therefore, the state-space model of the jth subsystem can be 
obtained by just replacing i by j in (2), knowing that Rij = Rji and Lij = Lji. 
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Each equation in (4) can be split into two equations, in terms of the real d-axis component and the imaginary q-
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It is supposed that the DERs are geographically dispersed; consequently, the lines are mainly inductive 
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2.2. Model of N interconnected subsystems 

Now, the state-space equations of (6) are extended to ImGs with N interconnected subsystems in a meshed 
topology. In such ImGs, each subsystem i ∈ {1, N} can be connected, through transmission lines, to ni other 
subsystems (1 ≤ ni ≤ N −1) denoted neighbors of the ith subsystem. Let iN  be the set of these neighbors, the state-
space equations of the ith subsystem are given by 
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From (7), the descriptor state-space model of the ith subsystem is: 
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Note that the ith and jth subsystems are symmetric, therefore, the state-space model of the jth subsystem can be 
obtained by just replacing i by j in (2), knowing that Rij = Rji and Lij = Lji. 
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where, 0ij ij ijZ R j L    and 2 2
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2.2. Model of N interconnected subsystems 

Now, the state-space equations of (6) are extended to ImGs with N interconnected subsystems in a meshed 
topology. In such ImGs, each subsystem i ∈ {1, N} can be connected, through transmission lines, to ni other 
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From (7), the descriptor state-space model of the ith subsystem is: 
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where, [ , , , , , ]
i i
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i i i i i L Lx V V I I I I , [ , ]

i i

d q T
i t tu V V , and [ , ]d q T

i i iy I I  are the state, the control input, and the 

controlled output of the ith subsystem model, respectively. 
i

i ij j
j

x


  A
N

 represents the coupling with the 

neighbors. 
 
Note that the DER current is chosen as the controlled variable instead of the voltage at the PCC; hence, the DERs 

must track the currents set points. These set points can be dictated by droop control [20] or dynamical optimization 
[21]. Furthermore, given the fact that the decentralized controllers stabilize their corresponding subsystems, the 
voltage at the PCC will be regulated and maintained at its nominal value. 

 
The matrices Ei, Aii, Bi , and Ci are given in the Appendix. It is worth mentioning that T

ij ji A A , T
i iB C , and 

Aii is the sum of a diagonal matrix Āii and a skew-symmetric matrix Ãii. 

2.3. Model of the Overall Microgrid 

The descriptor state-space model of the overall ImG is given by  

  (9) 

where, 1[ , , ]Nx x x  , 1[ , , ]Nu u u   and 1[ , , ]Ny y y  are the state, the control input and the controlled output 
of the overall ImG model, respectively. The matrices E, B and C are diagonal matrices such that

1( , , )Ndiag E E E , 1( , , )Ndiag B B B , and 1( , , )Ndiag C C C , while A  is a block matrix that collects the 
matrices Aij for all i,j ∈ {1, . . . , N}. 

3. Decentralized HSSPFC Design 

3.1. Decentralized Control of the subsystems 

This section presents the design of the decentralized controllers based on the HSSPFC design procedure. Each 
controller is designed separately using only information about its corresponding subsystem without requiring any 
global parameter or any information from other subsystems. 

 
To ensure that the synthesis of the controllers is completely decentralized, the nominal model of the ith 

subsystem is considered by omitting the coupling term ξi(t): 

  (10) 

Let be the error state defined as follows  

  (11) 

where, xi,r contains the reference trajectories. 

  (12) 

where, ∆ui = ui,r − ui, and ui,r is the feedforward. 
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Next, the decentralized controller for each subsystem is designed such that the nominal closed-loop subsystem is 
asymptotically stable. A proportional-integral (PI) controller is chosen to guarantee the regulation of the load 
voltage at the PCCs and the tracking of the DER’s current trajectories by zeroing the steady-state output error 

i i ie x C  . The PI controller equation is 

0

tT
i i i i i iu x e d    P IK B K   (13) 

where, iPK  and iIK  are the controller gain matrices that will be selected based on the HSSPFC design procedure. 
 

By replacing ∆ui in (12) with the right-hand side of (13), the model of the ith nominal closed-loop subsystem is: 
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where,  , and the augmented state of the ith nominal closed-loop subsystem is  ˆ ,i i ix x v   . 

 
The Hamiltonian of the ith nominal closed-loop subsystem is given by 
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since Ei is positive definite, a positive definite integral gain iIK should be selected to ensure that ˆ( ) 0 0i i iH x x    
which is the static stability condition knowing that the Hamiltonian Hi is chosen as a Lyapunov function candidate. 
 

To investigate the asymptotic stability of the ith nominal closed-loop subsystem, one must look at the sign of the 
first-order time derivative of the Hamiltonian: 
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since T
i iB C  and iiA  is a skew-symmetric matrix   0T

i ii ix x A  , the first-order time derivative of the 

Hamiltonian becomes 

 ˆ( ) T T
i i i i i i ii iH x x x  PB K B A     (17) 
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since Ei is positive definite, a positive definite integral gain iIK should be selected to ensure that ˆ( ) 0 0i i iH x x    
which is the static stability condition knowing that the Hamiltonian Hi is chosen as a Lyapunov function candidate. 
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A sufficient condition for the asymptotic stability of the nominal closed-loop subsystem is ˆ( ) 0i iH x  , for all 

ˆ 0ix  . This implies that iPK  should be chosen such that  T
i i i iiPB K B A  is positive definite. However, the time 

derivative of the Hamiltonian does not depend on the integrators dynamics. Indeed, ˆ( ) 0i iH x   for 0ix  , 

irrespective to the value of 
0

t

i iv e d  . Consequently, iH  is negative semidefinite (i.e. ˆ( ) 0i iH x  , for all ˆ 0ix  ). 

The asymptotic stability of the nominal closed-loop subsystem is proven using the following theorem [22]. 
 

Theorem 1: Assume there exists a Lyapunov function V(x) of the dynamical system . Let  be a non-
empty set of state vectors such that  

If the first k-1 derivatives of V(x), evaluated on the set  , are zero 
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d V x x i
dt
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and the kth derivative is negative definite on the set   

( ) 0
k

k

d V x x
dt
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then the system x(t) is asymptotically stable if k is an odd number. 

 
Using Theorem 1, the higher order time derivatives of the Hamiltonian are investigated to prove asymptotic 

stability. From equation (17), 
0

ˆ{ ( , ) | 0}
t
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The first order time derivate of the Hamiltonian is 

  (18) 

The second order time derivate of the Hamiltonian is 
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The third order time derivate of the Hamiltonian is 
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The order of the first non-zero time derivative of the Hamiltonian Hi is an odd number. Therefore, the ith nominal 
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where, 1( , , )Nu u u     . Then, 
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For asymptotic stability of the overall closed-loop ImG, the time derivative of the Hamiltonian H must be 
negative definite. Since its negative semi-definite, one should explore the higher order time derivatives of the 
Hamiltonian. 
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A sufficient condition for the asymptotic stability of the nominal closed-loop subsystem is ˆ( ) 0i iH x  , for all 
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The third order time derivate of the Hamiltonian is 
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For asymptotic stability of the overall closed-loop ImG, the time derivative of the Hamiltonian H must be 
negative definite. Since its negative semi-definite, one should explore the higher order time derivatives of the 
Hamiltonian. 
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It goes without saying that 1 N     is the set such that  for all x̂ . Thus, the second order 

derivative of the Hamiltonian is 

  (25) 

The third order derivative of the Hamiltonian is 

  (26) 

Therefore, the overall closed-loop ImG is asymptotically stable. This proves the ability of the decentralized 
controllers to stabilize overall ImG. 

 

4. Performance Evaluation 

In this section, the performance of the decentralized Hamiltonian control proposed in this paper is evaluated. The 
ImG of Fig. 1 was modeled and simulated in Matlab/Simulink. This simulation assesses the performance of the 
designed controllers regarding the voltage regulation at the PCCs and the DER's reference current tracking. The 
parameters values used in this simulation are similar to those of reference [23]. 

 
In this simulation, the dq components of the load voltage at PCC1 are regulated at 0.8 and 0.7 per-unit (p.u.) and 

those of PCC2 are regulated at 0.3 and 0.2 p.u., respectively. While the d and q components of the DER1 current set 
point are stepped up from 0.6 to 0.7 p.u. at t = 0.5 s and from 0.4 to 0.3 p.u. at t = 0.7s, respectively, the d and q 
components of the DER2 current set point are stepped up from 0.8 to 0.7 p.u. at t = 0.6s and from 0.4 to 0.5 p.u. at      
t = 0.8 s, respectively.  

 
Fig. 2 and Fig. 3 depict the dynamic responses of the ImG. In particular, Fig. 2(a) and Fig. 2(b) show the d and q 

components of the PCC1 and PCC2 voltages, respectively. The instantaneous three-phase voltages of PCC1 and 
PCC2 in the abc-frame are shown in Fig. 2(c) and Fig. 2(d), respectively. It is observed that the decentralized 
controllers succeed in maintaining and regulating the load voltages at PCC1 and PCC2. 

 
The d and q components of the DER1 and DER2 currents are depicted in Fig. 3(a) and Fig. 3(b), respectively. 

Fig. 3(c) and Fig. 3(d) present the instantaneous three-phase currents of DER1 and DER2 in the abc-frame, 
respectively. It can be seen that the proposed decentralized control strategy ensures a fast tracking of the current set 
points. 
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Fig. 2 Performance of the decentralized Hamiltonian control: (a,b) dq components of load voltage at PCC1 and PCC2, (c,d) Instantaneous 
three-phase voltage at PCC1 and PCC2. 

Fig. 3 Performance of the decentralized Hamiltonian control: (a,b) dq components of the currents of DER1 and DER2, (c,d) Instantaneous 
three-phase currents of DER1 and DER2. 
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5. Conclusion 

In this paper, a model of ImGs with meshed topology was developed. Then, using the HSSPFC design procedure, 
the decentralized controllers are designed to regulate the voltage at the PCCs, track the DER's current set 
trajectories, and ensure the stabilization of the overall ImG. The design procedure presented is fully decentralized 
since it only uses local information to design the controllers, allowing PnP operations for the ImG and guarantying 
its scalability. Simulation results demonstrated that the proposed designed decentralized controllers can guarantee 
the regulation of the voltage at the PCCs and the tracking of the DER's current set points. Future work will 
incorporate robustness against model deviation and improve performance and disturbance rejection. 
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5. Conclusion 

In this paper, a model of ImGs with meshed topology was developed. Then, using the HSSPFC design procedure, 
the decentralized controllers are designed to regulate the voltage at the PCCs, track the DER's current set 
trajectories, and ensure the stabilization of the overall ImG. The design procedure presented is fully decentralized 
since it only uses local information to design the controllers, allowing PnP operations for the ImG and guarantying 
its scalability. Simulation results demonstrated that the proposed designed decentralized controllers can guarantee 
the regulation of the voltage at the PCCs and the tracking of the DER's current set points. Future work will 
incorporate robustness against model deviation and improve performance and disturbance rejection. 
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