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Abstract
Due to the advent of distributed energy resources at distribution level, utility companies face new challenges in terms of voltage
control. Existingworks in the literature have proposed the use of demand sidemanagement (DSM) to provide ancillary services
to the grid. Some works explored the use of thermal inertia of buildings to tackle the frequency regulation problem. Existing
DSM strategies ignore the potential service loads can provide for the Volt/Var control (VVC) problem. The ability of smart
buildings to provide reactive power support to the grid has not been exploited to date. In this paper, we present a finite control
state model predictive control strategy for VVC in distribution networks. The robustness of this strategy is validated on a
modified IEEE 13 bus system.

Keywords Demand side management · FCS-MPC · Smart grids

1 Introduction

Demand side management (DSM) is a strategy in which the
consumer side, i.e. residential, industrial and commercial
loads, is modulated to provide ancillary services to the grid,
to maintain the voltage magnitude and frequency levels in
allowable operational region (Palensky and Dietrich 2011).

At distribution level, some commonDSM strategies range
from load shifting (flattening action over the grid’s load pro-
file) to direct load control (DLC)—an approach in which the
operator is able to curtail (load shedding) or modulate indi-
vidual loads’ consumption (DSM) to meet the grid’s needs
at the time (Palensky and Dietrich 2011).

In this work, we present a DLC method which modu-
lates power consumption of thermostatically controlled loads
(TCLs)—heating, ventilation and air conditioning systems
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(HVAC) in this case. HVACs are suitable candidates forDSM
due to their inherent thermal energy storage capabilities.
DLC for Volt/Var control (VVC) was explored in our pre-
vious work of Dhulipala et al. (2018) which uses the priority
stack controller, where an agent changes the state of opera-
tion (ON/OFF) of an optimal number of HVAC systems in
order to restore the distribution network (DN) voltage profile
to nominal levels. HVACs are also suitable for load balanc-
ing services, as demonstrated by Lu (2012). Other successful
examples can be found in the works of Lampropoulos et al.
(2013), Bomela et al. (2018) and Mahdavi et al. (2017).

There is a need for proper control technique to completely
tackle the DLC problem. One such method is the model
predictive control (MPC), a methodology where an online
optimization problem is solved over a receding horizon based
on the controlled plant model predictions to track a desired
trajectory (Sultana et al. 2017). A branch of MPC, the finite
control set model predictive control (FCS-MPC) presents an
MPC version suitable for systems with finite control possi-
bilities, such as power converters (Aguilera et al. 2013; Singh
et al. 2018; Ramírez et al. 2019).

This paper tackles the problem of VVC in DN by DLC of
HVAC systems. To achieve that objective, a local FCS-MPC
was developed to control the HVAC systems temperature set
point in order to track reference signals sent by an agent
whenever voltage violations occur (upwards and downwards
regulation).
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The remainder of the paper is organized as follows: Sect. 2
presents a brief overviewof the state of the art ofDSMapplied
to VVC. Section 3 presents the techniques used, the FCS-
MPC formulation and its application to HVAC control as
well as an overview of the proposed system architecture. The
simulations parameters and results are shown in Sects. 4 and
5 provides some concluding remarks.

2 Motivation and Background

The use of DSM techniques for VVC in DN control has been
a field of interest in recent years. The authors in Zakariazadeh
et al. (2014) applied an emergency DSM program for real-
time voltage control. This method uses real-time data from
remote terminal units to determine the tap changer opera-
tion and load curtailment. The results showed a reduction on
voltage drops and a boost in voltage level on the feeder ends.

In Bhattarai et al. (2015), over-voltage in DNs with
high photovoltaic (PV) penetration is dealt with a demand
response technique which coordinates load modulation and
PV generation. Electrical vehicles (EV) were used as a DR
resource, with its charging state being controlled to increase
PV’s utilization. Their proposal was verified by a simula-
tion of a Danish DN and the obtained results demonstrated
improvements in the technical and economical performance.
In Yang and Tan (2016), an electric coil is applied together
with a smart load as a strategy for voltage and frequency reg-
ulation, where the smart load was able to provide regulation
without conventional communication requirements. Simula-
tions were carried out on a modified version of the IEEE
13-node test feeder and the proposed system was able to
maintain voltage and frequency regulation, whereas the con-
ventional control could not. Also, the authors provided some
experimental results validating the proposal. An incentive-
based algorithm was developed by Zhou et al. (2017), to
ensure that the voltage profile remained inside desired bound-
aries, while both consumers and operator objectives are taken
in consideration. The authors formulated this as a convex pro-
gramming problem with an incentive signal strategy. This
methodology was tested via a simulation of the IEEE 37-
node test feeder, running a nonlinear AC power flow and the
control was able to maintain the voltage within the allow-
able boundaries. In Luo et al. (2017), an electrical coil was
used to turn an ice-thermal storage unit in a smart build-
ing to provide VVC with a DR technique. The authors
first developed a building energy model based on real mea-
surements that incorporates the aforementioned three-phase
electric spring. By means of an experimental assembly with
a programmable source intended to emulate a feeder includ-
ing intermittent generation and computational simulations,
the proposed methodology was validated, as the smart load

adapted its thermal load to absorb power fluctuations and
maintain the voltage profile close to the desired value.

In Olival et al. (2017), an algorithm was developed to
control the voltage on a low-voltage (LV) network with dis-
tributed energy resources (DER), such as residential loads. In
their methodology, a hourly simulation was used to account
for voltage violations, using load and energy production fore-
cast profile. Then, an evolutionary particle swarm optimiza-
tion (EPSO) was used to evaluate possible control events,
which consists on actions such as non-critical residential
load shedding or generation curtailment. The methodology
described above was tested against a Portuguese LV grid,
where voltage profile deviationswere successfullymitigated.
A two-stage hierarchical voltage–load sensitivity matrix
(VLSM)-based DR algorithm was proposed by Zhu et al.
(2018) for voltage regulation on distribution feeders. In the
proposed methodology, transmission-level DR requests are
used to trigger distribution level dispatch of DR resources
to minimize voltage deviations and a second dispatch may
occur if voltage deviations remain. The aforementioned algo-
rithm was validated by means of simulations using the IEEE
123-node test feeder, where smart PV inverters, controllable
loads and capacitor banks were used as DR resources. The
problem of regulating voltage in LV grids with high PV pene-
tration was also tackled byWang et al. (2018). A hierarchical
dispatch strategy is employed to coordinate multiple aggre-
gators, each of them aggregating residential air-conditioners
with a localized control. A consensus approach is used for
the coordination of the aggregators. To validate that proposal,
the authors carried simulations on a LV feeder composed of
six nodes, taken from the IEEE 15 bus distribution network,
whose voltages were successfully controlled and maintained
inside allowable boundaries.

In Hashemi et al. (2018), the authors present an algorithm
for optimal load reduction in a DR program to retain the
voltage level at a security margin. Firstly, a threshold volt-
age is estimated and the system operator is notified in order
to take appropriate measures; then, if there is no sufficient
voltage stability margin, a load reduction action is taken by
means of DR, where the solution of an optimization problem
estimates the load reduction needed. Finally, the algorithm
was validated through simulations of the New England 39-
bus test feeder. Voltage unbalance was tackled by Çimen
and Çetinkaya (2018), where the authors proposed an algo-
rithm that uses TCLs as DSM resources. In this proposal,
the algorithm monitors each phase voltage and its unbal-
ance factor, until it passes a threshold value. Then, the most
unbalanced phase is detected and random TCLs are turned
off until the unbalance factor goes below the allowable limit.
Thatmethodologywas tested through simulations of a unbal-
anced microgrid and it was able to reduce the unbalances.
Other examples of works that dealt with VVC using DSM
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Fig. 1 Equivalent thermal parameters model representation

can be found in Tang (2018), Rahman et al. (2018), Sami
et al. (2018), Acharya et al. (2019) and Lai et al. (2019).

Considering the aforementioned works, one can note that
none consider the use of FCS-MPC to provide DSM for
Volt/Var control inDNs. This work presents an online control
of HVACs using FCS-MPC, to tackle the problem of voltage
violations, considering both upwards and downwards regu-
lation scenarios. The contributions of this work towards the
state-of-the-art are:

– Formulation of DSM strategy using FCS-MPC to control
TCLs (specifically HVACs);

– Use of a heterogeneous load population to give a more
realistic perspective;

– VVC considering downwards and upwards regulation.

3 System Architecture and Control Overview

3.1 Equivalent Thermal Parameters Model

The approach adopted to model each HVAC consumption is
the thermo-dynamic model of the room. The thermal dynam-
ics can be represented by an electrical circuit model, using
the equivalent thermal parametersmodel (ETP). In this work,
a second-order ETP is used; its schematic representation is
shown in Fig. 1 (Lu 2012).

A state-space representation of Fig. 1 is given by (1)–(5).

ẋ = Ax + Bu (1)

y = Cx + Du (2)

x =
[
Ti
Tm

]
, ẋ =

[
Ṫi
Ṫm

]
,C =

[
1 0
0 1

]
,D =
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0
0

]
, u = 1 (3)
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[
−

(
1
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+ 1
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)
1

RmCa
1
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− 1

RmCm

]
(4)

B =
[

Tout
RaCa

+ Qhvac
Ca

0

]
(5)

where

– Ti and Tm are, respectively, the internal air room temper-
ature and mass temperature;

– Ra and Rm are, respectively, the equivalent air and mass
thermal resistances;

– Ca and Cm are, respectively, the equivalent air and mass
thermal capacitances;

– Qhvac is the equivalent heat flux delivered by the HVAC.

3.2 Finite Control Set Model Predictive Control

Model predictive control is a control method where a sys-
tem’s mathematical description, such as the one expressed in
discrete time by (6)–(7), is used to forecast its behaviour in
a moving time-window, usually called the receding horizon,
and then those predictions are applied to a cost function that
tracks a reference signal, whose solution gives an optimal set
of control actions fromwhich only the first element is used as
the next control input. In other words, the MPC translates a
control problem into an online optimization problem, which
is capable of taking into account system nonlinearities and
constraints in a straightforward manner (Sultana et al. 2017).

xk+1 = Axk + Buk (6)

yk = Cxk + Duk (7)

where

– xk is the discrete state variable;
– A, B and C are the system matrices in discrete time;
– yk is the system output;
– As in MPC one control action may only produce effects
in the next time-step, D = 0; hence, no mapping of u is
made directly to the output.

Widely employed on power converters, the FCS-MPC is
an adaptation of the traditional MPC to the context of sys-
tems that only have a finite set of possible control actions,
thus reducing the original optimization problem into find-
ing which control action among those available will lead
the system’s output closer to a desired trajectory, consid-
ering one-step ahead predictions and unchanged parameters
(Kouro et al. 2009). Examples of its applications can be found
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inAguilera et al. (2013), Singh et al. (2018) andRamírez et al.
(2019).

Cost functions may be simplified to decision functions
(Kouro et al. 2009; Sultana et al. 2017). In that sense, based on
model predictions, the control logic will choose an appropri-
ate control action, thus diminishing computational burdens
involved. This paper deals with only three possible choices
that are further explained in Sect. 3.4.

3.3 Voltage Sensitivity Matrix and SystemOverview

In this strategy, we assume that, each phase of a Bus k has
an agent which monitors the bus voltage and dispatches con-
trol (reference) signals to each available load when a voltage
violation is detected, i.e. it is above 1.05 p.u. or below 0.95
p.u. To decide how many loads, and therefore how much
VAR is required to mitigate the violation can be estimated
the agent by using Eq. (8). Until the under-voltage or over-
voltage event concludes, the agent dispatches loads needed at
each time-step. Figure 3 illustrates the aforementioned pro-
cess.

Qt+1 = Qt + Vreference − Vmeasurement

SVΔQi j

(8)

where

– Qt+1 and Qt are the estimated reactive power required
at t and t + 1;

– Vreference is the reference voltage (0.95 p.u. or 1.05 p.u);
– Vmeasurement is the voltage measured at bus i ;
– SVΔQi j is the sensitivity of voltage at bus i to reactive

power injection at bus j .

Further developments are found in the works of Dhulipala
et al. (2018). The proposed control architecture, illustrated
by Figs. 2 and 4, comprises a set of HVACs equipped with
local FCS-MPCs that individually receives a reference signal
when a voltage event occur, that modulates its consumption
by solving its internal cost function, therefore leading to an
optimal temperature set point value that is fed into the ther-
mostat, which controls the switching state of the HVAC. The
aforementioned state is relayed to the agent at each time-step
so it is aware of which loads are available to receive a con-
trol signal and those which are not in the next time-step, i.e.
those in ON for upwards regulation and OFF for downwards
regulation.

3.4 FCS-MPC Applied to HVAC Control

The crux of the application of the FCS-MPC toHVACcontrol
is defining the control set. In this approach, the thermostat set

Fig. 2 System architecture overview

point is controlled to operate under only three possible con-
trol actions: raising the set point by 2 ◦C; lowering it by 2 ◦C;
or maintaining its previous value. In this sense, (9) denotes
the adopted thermostat model, whose actuation directly con-
trols the HVAC output.

sk =

⎧⎪⎨
⎪⎩
0, if Ti ≥ Tsetpoint + db

2

1, if Ti ≤ Tsetpoint − db
2

sk−1, otherwise

(9)

Qk
output = sk Qrated (10)

where

– Tset is the thermostat set point;
– db is the dead band of HVAC system;
– Qoutput is the VAR demand of HVAC system k;
– Qrated is the VAR rating of HVAC system.

As stated in (9), the difference between the two switching
limits defines the interval in which the load will be in its ON
or OFF states; hence, the modulation of the set point offers
a way to control the reactive power in accordance to (10),
allowing to maintain the bus voltage profile inside imposed
boundaries in accordance to (8). The following steps outline
the control process for each one of the HVAC systems:

1. The internal room temperature at t+1 (Tt+1) is forecasted
by solving a discrete version of (1)–(5).
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Fig. 3 Flowchart of the control actuation

2. For the predicted temperatures, evaluate s1k+1, s
2
k+1 and

s3k+1 according to (9), inwhere each s represents a control
action to be evaluated by the decision function;

3. For each s above, a control action is made considering
agent reference signal—there are three possibilities;

– 1, meaning that downwards regulation is needed thus
leading to the necessity of the load having a longer
cycle;

– − 1, the same as the previous one, but considering an
upwards regulation and smaller cycles.

Fig. 4 FCS-MPC block diagram

– 0, which means that no reference signal is being
applied;

4. The new temperature set point is relayed to the thermo-
stat.

After the conclusion of control actuation (i.e. voltage levels
are back inside of the desired boundaries), the agent will
send a zero-value reference (step 3) and each FCS-MPC
will set the controlled HVAC’s set point back to the initial,
user-defined, value. However, in order to avoid a load syn-
chronization that can possibly deteriorate the voltage profile
of grid, the agentwill send the aforementioned signals to each
load at a 5-min interval. Finally, thermal comfort level con-
straints are considered through a saturation approach, over
which maximum and minimum temperature set points are
defined as to not interfere with customer comfort. Therefore,
(11).

Tmin
setpoint ≤ Tsetpoint ≤ Tmax

setpoint. (11)

It is important to state here that some DSM strategies applied
by real companies worldwide are focused on turn on and off
TCL indefinitely, without any quality-of-service (QoS) con-
straints. As an example, one can cite the company Energex,
fromAustralia, which offers financial rewards for consumers
who join its peak demand control program. Therefore, in this
research, a set point change is made in a way of just change
the TCL work cycle thus not affecting the QoS so much.

4 Validation

Consider the IEEE13Test FeederSystemMATLABSimulink,
MATLAB (2017a), model illustrated in Fig. 5. A modi-
fied version of the IEEE 13-node test feeder (no capacitor
banks and dynamic loads) was simulated to test the proposed
methodology with a heterogeneous population of 40 HVACs
(heatingmode) at phasesB andC,whose parameters are sum-
marized in Table 1. In order to achieve said heterogeneity, the
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Fig. 5 IEEE 13-node test feeder topology

Table 1 Simulation parameters

Parameter Mean value Standard deviation Unit

Tset 24 – ◦C
db 2 – ◦C
Ra 0.01208 0.005 ◦C/W

Rm 0.001208 0.0005 ◦C/W

Ca 89,975 25,000 J/◦C
Cm 3599 1000 J/◦C

ETP parameters were sampled from a log norm distribution.
Initial temperatures and ON/OFF states were also random-
ized. However, we assumed all HVACs have the same initial
temperature set point, deadbandbesides the same rated active
and reactive power (4 KW and 3.921 KVar, respectively).
The bus chose to be controlled is bus 675 from the referred
system. This bus was chosen in order to achieve a greater
voltage rise and drop (Gaunt and Namaya 2017). All results
showed are related to this bus parameters. In addition to that,
the model (1)–(5) was discretized with a 1-min time-step.

4.1 Simulation Results and Discussion

The simulation results are shown in the subsequent subsec-
tions. Each HVAC internal temperature without any control
signal is shown in Fig. 6.

4.2 Upwards Regulation Case

Figure 7 shows the bus voltages for the case where no con-
trol action occurs, with lower voltage boundary (represented
by the purple line) violation at phase C. Figures 9 and 11
illustrate the internal rooms’ temperatures and bus voltages,
respectively, for the controlled case. The P–Q curves for the

Fig. 6 Internal room temperatures when no reference signal is sent

Fig. 7 Phase C uncontrolled bus voltage
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Fig. 8 Phase C P–Q curves: uncontrolled under-voltage case

uncontrolled and the controlled case are shown in Figs. 8
and 10, respectively.

As one can see from Fig. 9, the control strategy restores
phase C voltage to the allowable region. To achieve that, each
load that received a reference signal from the agent changed
its’ set point leading to the trajectories shown in Fig. 11.
Figure 12 shows the load actuations and the estimated and
required VAR for upwards regulation, in response to a volt-
age event initiated at minute 524 and ended at minute 1164. It
can be seen that when the required amount of reactive power
increased, more loads actuations were performed by relay-
ing the reference signal, thus providing more reactive power
support to regulate the voltage level, until it was restored to
allowable region.
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Fig. 9 Phase C controlled bus voltage
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Fig. 10 Phase C P–Q curves: controlled under-voltage case
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Fig. 11 Internal rooms’ temperatures in the phase C controlled case
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Fig. 12 Load actuation and estimated required VAR for upwards reg-
ulation
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Fig. 13 Phase B uncontrolled voltage
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Fig. 14 Phase C P–Q curves: uncontrolled over-voltage case
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Fig. 15 Phase B controlled voltage for downwards regulation

4.3 Downwards Regulation Case

As for the over-voltage event case, uncontrolled and con-
trolled bus voltage for phaseB scenarios are shown inFigs. 13
and 15, respectively. The P–Qcurves for the uncontrolled and
the controlled case are shown in Figs. 14 and 16, respectively.

The room temperatures trajectory for this scenario is
shown in Fig. 17, showing the impact on the temperatures
caused by the response to the control.

As one can see, each load responded by increasing its’ set
point in order to increase their consumption and therefore
absorbing more reactive power from the grid. Therefore, the
voltage at phaseBwas restored below 1.05 p.u., the boundary
represented by the purple line in Fig. 15. Also, Fig. 18 shows
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Fig. 16 Phase C P–Q curves: controlled over-voltage case
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Fig. 17 Internal room temperatures in the controlled over-voltage case,
phase B
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Fig. 18 Load activation and estimated required VAR for downwards
regulation

the loads being controlled as the required VAR increased. In
this case, for downwards regulation, we need the HAVC sys-
tems to consumemore reactive power from the grid to restore
the bus voltage profile inside allowable ranges. Finally, as in
the under-voltage scenario, the control was sustained until
the voltage came back to the desired limits.

4.4 Control Effectiveness Analysis

In order to test the effectiveness of the proposed control
method, each violation length of time as a percentage of
total simulated time was calculated for both, controlled and

Table 2 Violation duration as a percentage of total simulated time

Uncontrolled (%) Controlled (%) Reduction (%)

Under-voltage 14.6 0.1 99.3

Over-voltage 18.3 2.6 85.8

uncontrolled cases, for both under and over-voltage case.
Those results are summarized in Table 2. It can be seen there
is a reduction in the amount of time violation occurs for the
controlled case when compared to uncontrolled case.

Abus operational condition in a distributed energy system,
are defined in termsof itsmagnitude and frequency.However,
this research is focused only on the control efficiency and
viability. Therefore, power quality indices are not carried
out in the analysis.

Despite other strategies that uses the idea of turning
ON/OFF thermostatically controlled loads, the one presented
herein takes into account the QoS, and preserves, in certain
level, the consumer’s room temperature. On the other hand,
the set point changing of theHVACs could decrease their life-
time.However, compared toON/OFFstrategies, this research
presented can considerably not decrease the HVACs lifetime,
once it affects the set point preserving their dead band, thus
letting them working normally.

5 Conclusions

This paper investigates the problem of voltage regulation in a
distribution network. ADSM strategy to provide the required
VAR tomitigate voltagemagnitude violations, such as under-
andover-voltage, usingFCS-MPCcontrol forHVACsystems
was proposed. For VVC, an agent estimates the required
amount of VAR to be absorbed or injected into a grid and
then select an adequate amount of HVAC systems that can
locally respond to provide reactive power support to the grid
by changing their state of operation.

With the advantage of dealing with a finite set of cost
functions (which is a characteristic of control of HVAC sys-
tems), the FCS-MPC is an interesting candidate to mitigate
VVC problems in DNs. This method can be also used with
other TCLs with a different set of control rules. Future works
will expand the proposed methodology with a consensus
approach.
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