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Abstract
Abstract—High penetration of renewable energy, bringing generation closer to consumption
and splitting power systems into micro grids after disturbances are trends and actions of future
power systems. Providing ancillary services will therefore be a challenging task due to the lack
of conventional spinning reserves and storage devices. Demand response is an attractive way
to provide ancillary services for smart grid due to its two-way communication and customer
contribution to the control of the grid. This paper presents a centralized-decentralized control of
responsive demand to primary and 10-min reserves. Two control techniques are applied to
each control mode: a multi-band power system stabilizer and a droop control (DC). The
effectiveness of these control strategies is demonstrated on a modified IEEE 14-bus system
connected to a 14-bus distribution system operating at 100% capacity and subjected to a
severe generation loss.

Keywords: Demand response (DR), Multi-Band power system stabilizer, Micro-grids, Droop
control (DC
Résumé
1.

Introduction

INTRODUCTION
To ensure reliable operation of the power system, the balance between power generation and
demand must be kept in normal operation, after normal load and generation variations or after a
major disturbance such as a large generation loss, loss of an interconnection or other
unforeseen events that could lead to collapse of the grid. The contingency response to such
events is historically obtained from the generation side by correcting the mechanical power of
the generators using primary control and area generation control [1,4]. Likewise, dynamic
stability is strengthened by regulating the generators’ excitation voltage through power system
stabilizers, and more recently, transmission level FACTS devices [1,4]. The demand side is
used just for extreme cases in the form of load shedding.
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The smart grid trend to include intermittent renewable power generation (wind power,
photovoltaic cells, etc.) such as distributed resources is leading utilities to install more spinning
and non-spinning reserves to compensate for the fitfulness of generated power, thereby
increasing costs but creating more pollution associated with conventional power plants. This is
inconsistent with the philosophy of the smart grid that seeks to reduce both the energy cost and
pollution. To deal with this paradox, conventional solutions are to be replaced by alternatives
that meet the objectives of the smart grid.
Demand response (DR) has always been a very interesting way to obtain power system
ancillary services [8] but it was hampered by a poor communication network and inadequate
information and computer technologies. During the last decade, advances in communication
and information technologies have boosted many studies and projects to test and apply DR and
load control to power system ancillary services, including load as a resource for ancillary
services, interruptible load and dynamic pricing [6-10, 37-39]. This evolution in DR makes it a
very interesting solution to replace conventional spinning and non-spinning reserves because it
could enable the same facilities with a faster response, lower cost, good dispersion in the
distribution system and less pollution [12,33,34]. The Federal Energy Regulatory Commission
(FERC) mentioned in its assessment report on the DR potential in the United States that the
peak demand annual growth rate is about 1.7%, reaching 950 GW by the year 2019 and,
according to the type of DR applied (dynamic pricing, direct load control, interruptible tariffs,
autonomous response control (ARC) or DR operated by Independent System Operators (ISO)),
up to 20% (188 GW) of the peak demand could be alleviated [32].
Some authors [3] classified these types of DR in two control categories: a centralized one, in
which we find DLC, and a decentralized one which contains ARC. All types of DR control are
applicable to medium and large industrial and commercial loads but only dynamic pricing, DLC
and ARC could be available for domestic appliances. In the DLC, the power consumption of
loads is directly controlled through smart meters by a central controller. In this demand
response type, frequency is usually considered as the center of inertia (COI) frequency of the
power system and is controlled by one central controller. On the other hand, in ARC, frequency
is measured locally or near to controllable loads enabling control of each load or small
aggregations of loads by local controllers.
Therefore, to achieve these two types of DR, available controllable loads with significant
presence in the power system are needed. Residential electric water heaters (EWHs) equipped
with a hot-water storage tank have an electricity consumption of about 11% of the total
electricity consumption and the figure increases to over 30% during peak demand hours
[20,25]. In addition, using such loads for the short durations required to enable spinning
reserves would have no impact on customer comfort [17],[35]. They are therefore motivating
loads for responsive demand control due to their availability and their natural response
capabilities that match the response speed, duration and frequency needed to support spinning
and non-spinning reserves [41].
Several studies of DR have been made recently for diverse purposes. The cost-effectiveness
analysis of DR in the power market and the development of plans to realize such benefits are
reported in [6-10], [21,28]. The capability of loads to provide reserves for control frequency has
been widely studied [14]-[17], [20]. Authors in [30-33] studied DR to improve power system
stability. Studies on the effectiveness of centralized and decentralized control of DR to enable
reserves are limited and they didn’t focus on performing realistic simulations based on accurate
power system models [18,19,22,23,25-29].
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This paper presents a centralized and a decentralized control of responsive demand at both
the transmission and the distribution levels to allow spinning and 10-min reserves, applied to a
modified standard IEEE 14-bus network connected to the CIGRÉ North-American mediumvoltage benchmark system.
The two control schemes are modeled and simulated in Matlab/Simulink SimPowerSystem
(SPS). Their effectiveness is demonstrated by simulating the four following simulations. 1)
Centralized control with MB-PSS and no reserves, 2) Centralized control with DC and no
reserves, 3) Decentralized control with MB-PSS and no reserves and 4) Decentralized control
with DC and no reserves ('No reserves' implies that our system operates at 100% of its
generating capacity). Their performances are thoroughly analyzed and compared. Each control
mode is implemented using two different controllers: a multi-band power system stabilizer (MBPSS) and a droop controller (DC)”.
2.

Centralized-Decentralized control

The role of controls in a power system is to keep system variables within their limits.
Frequency is a key variable of the power system and is responsive to load or generation
variations. DLC is a frequency control that acts on loads to maintain frequency at acceptable
levels. It can be centralized or decentralized depending on where and how frequency is
measured and controlled. In centralized mode, there is just one frequency measurement
controlled by single controller, while in the decentralized mode, frequency is measured at
different strategic points of the grid, generally near the controllable loads.
In the case of EHWs as loads, the difference between the two modes is also seen in the
action of the controllers. In the centralized mode, depending on the power system event, the
controller signal is used to connect or disconnect loads via a communication device (e.g. a
smart meter). In decentralized mode, on the other hand, the controller signals are continuously
modifying the power consumption of each load via power electronic devices (e.g. triacs).
2.1.

Centralized mode

As mentioned above, in centralized mode, the frequency of the overall system is controlled by
one controller which is represented by the center of inertia (COI) frequency of the power
system. In this paper, a simple method is used to estimate COI, which is represented as the
average of the generator frequencies. Figure 1(a) presents a diagram that explains the
operating principle of the centralized mode.
The frequency is calculated using the rotor speed of the generators. The central controller is
a MB-PSS or a DC. The controller input is the COI rotor speed deviation (dZ) when a MB-PSS
is used, whereas it is the COI frequency (Hz) when a DC is used as the controller. Outputs of
both controllers are dispatched to controllable loads to switch them “on” or “off” via smart meterZigbee systems.
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Figure 1. Overview diagram of centralized mode (a) and decentralized mode (b)

2.2.

Decentralized mode

In decentralized mode, the frequency is controlled locally or very near to controllable loads.
Loads are controlled through power electronic devices to enable a continuous variation of
power consumption, then a smoother demand response. Figure 1(b) shows an overview of the
decentralized mode.
One of the benefits of this mode is that it can allow low-power operation of controllable loads
even in a frequency droop, whereas the centralized control switches off the same load. This
could be very important for ensuring particular clients' comfort when the controllable loads are
EWHs or air-conditioning.
The frequency is measured from the positive-sequence voltage at buses near controllable
loads. The number of measurements taken equals the number of controllable loads. Loads are
controlled individually and are dependent only on their frequencies at their respective location.
This could be of great benefit in cases of islanding because it keeps the demand response
control in islands and in the main grid, contrary to the centralized mode where we lose control in
islands.
To minimize control devices in the decentralized mode, loads in the same areas could be
aggregated to form small groups, each controlled by one controller.
3. Modified IEEE 14-bus system
This section describes the modified IEEE 14-bus system model. It is composed of a 345-kV
transmission system and a 12.47-kV distribution system. The system model is a Phasor
representation. It has been realized in Matlab\Simulink SPS.
The network is a 345-kV network comprising three synchronous generators with a hydraulic
turbine and governor systems (GSs), three synchronous compensators (SCs), eight
transformers, 19 transmission lines, 15 breakers and 11 loads. Each generator has a governor
and an excitation system to control speed and voltage. Table 1 shows the generator data.
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Figure 2. shows the modified IEEE 14-bus system.

Figure 2. Modified IEEE 14-bus system

Figure 3. 14-bus distribution system

Breakers serve to simulate the protection actions and enable islanding scenarios. Complete
line, transformer and other system component data is available in [43].
Table 1: Data of generators and SC (Red boxes in Figure 2.)
Generators
Data
SG 1 (Hydraulic turbine)
300 MVA, 13.8 kV, 60 Hz
SG 2 (Hydraulic turbine)
50 MVA, 13.8 kV, 60 Hz
SG 3 (Hydraulic turbine)
10 MVA, 13.8 kV,60 Hz
SC1(Synchronous compensator)
60 MVA, 13.8 kV, 60 Hz
SC2, SC3

25 MVA, 13.8 kV, 60 Hz

The distribution system is derived from an actual medium-voltage (MV) distribution system,
the CIGRÉ North American MV benchmark system. It comprises four distributed generators
(DGs), six transformers, eight breakers and a load on each bus. Breakers 1 to 8 are there to
allow the simulation of different islanding topologies. DG1 is a 10-MW synchronous generator
with a hydraulic turbine and governor system connected to bus B14, DG2 is a 2-MW wind farm
connected to bus B7, DG3 is a 5-MW diesel generator connected to bus B9 and DG4 is a 160kW photovoltaic plant connected to bus B11. Table II summarizes the data of these DGs.
Table II: Data of distributed generators (Red boxes in Figure 3.)
Generators
Grid
DG1 (Hydraulic turbine)
DG2 (Wind farm)
DG3 (Diesel generator)

Data
5000 MW, 115kV, 60Hz
10MW, 13kV, 60Hz
2MW, 575V,60Hz
5MW, 2.4kV, 60Hz

DG4 (Photovoltaic plant)

160kW, 440 V, 60Hz, 30*35
MSX-60 modules,

The complete data for lines, loads and transformers of the network are given in [43]. The PV
and wind generator power electronics are represented with phasor models to enable long
periods of simulation.

5

EIC Climate Change Technology Conference 2015
3.1.

Loads modelling

Load models are divided into two categories: controllable and non-controllable. Controllable
loads are modeled as three-phase dynamic loads whose active power P and reactive power Q
vary as functions of the positive-sequence voltage [42]. The load impedance is kept constant if
the terminal voltage V of the load is lower than a specified value Vmin. When the terminal
voltage is greater than Vmin, the active and reactive powers P and Q of the load vary as
follows:
P(s) = P0 (V/V0)np *(1+Tp1s)/( *(1+Tp2s))

(1)

Q(s) = Q0 (V/V0)nq *(1+Tq1s)/( *(1+Tq2s))

(2)

where V0 is the initial positive-sequence voltage, P0 and Q0 are the initial active and reactive
powers at the initial voltage V0, V is the positive-sequence voltage, np and nq are exponents
(usually between 1 and 3) controlling the nature of the load, Tp1 and Tp2 are time constants
controlling the dynamics of the active power P, Tq1 and Tq2 are time constants controlling the
dynamics of the reactive power Q, and np and nq are respectively set at 1.3 and 2 to fit HydroQuébec load models.
EWHs are perceived as constant power loads. They are represented in our IEEE 14 buses by
elements named controllable loads. They are designed to have values from zero (disconnected)
to nominal.
The model comprises two constant power dynamic loads. The first one sets the whole load to
an initial value Pi. The second receives the active-power value from the controller; it could have
a positive or a negative value to increase or decrease the initial consumption depending on the
nature of the disturbance. In the event that we have to increase the consumption of the EWHs,
heating elements are added to enable higher consumption. In this case, EWHs are perceived
as storage devices [20]. Figure 4 shows the implemented load model in SPS.

Figure 4. Controllable load model

3.2.

Controllers

Two controllers are used: a MB-PSS and a DC. The first is represented by the IEEE
Std.421.5 PSS 4B type model [40], with built-in speed transducers whose parameters are fixed
according to the manufacturer's specifications. It is based on multiple working bands, as shown
in Figure 5.
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Figure 5. Conceptual representation of MB-PSS

Three separate bands are used, dedicated respectively to the low-, intermediate-, and highfrequency modes of oscillations: the low band is typically associated with the power system
global mode, the intermediate with the inter-area modes, and the high with the local modes.
Each of the three bands is made of a differential band-pass filter, a gain, and a limiter. The
outputs of the three bands are summed and passed through a final limiter producing the MBPSS output, Vstab. This signal then is dispatched on controllable loads to modulate their active
power set point. Figure 6 shows the frequency response of the MB-PSS. It is tuned to maintain
our 14-bus system stability by damping power swings after disturbances. Low-frequency (LF)
and intermediate-frequency (IF) band filters gains are set respectively to 360 at a center
frequency of 1 mHz and 240 at a center frequency of 0.12 Hz, while the high-frequency band
filter is switched off by setting its gain to zero. These values were chosen after trial-and-error
simulations. The second controller (DC) has the same goal, namely to damp power swings. The
control signal sets the instantaneous active power of controllable loads to:
P=P0+'f*Pn

(3)

MB-PSS Frequency Response
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Figure 6. MB-PSS frequency response

With P = instantaneous active power of controllable load; P0 = initial power of controllable load;
'f = difference between reference frequency and measured frequency; and Pn = nominal
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power of controllable load. In decentralized mode, the frequency measurement is obtained from
a derivative of the phase variation of controllable load voltage.
4. Simulations and results
This section presents and discusses the results of the five following simulations: 1)no control,
no reserves; 2) no control with reserves;3) centralized control with MB-PSS and no reserves; 4)
centralized control with DC and no reserves; 5)decentralized control with MB-PSS and no
reserves; and 5) decentralized control with DC and no reserves. The IEEE 14-bus system has a
total load of 292 MW and a total production capacity of 372MW, so a spinning reserve of 80
MW is present in generator SG 1 in Figure 2. Controllable loads present a total consumption of
29 MW (10% of the total load): 22 MW on the transmission network and 7 MW on the
distribution network. In the last four simulations (controls with no reserves), we removed the 80
MW of reserves with the result that the total production capacity equal to the total load. This
means that the IEEE 14-bus system was operating at 100% of its generation capacity. In other
words, with no control, any generation loss will cause the whole system to collapse, as seen in
the first simulation in Figure 7 (left). This demonstrates the effectiveness of our controls on a
power system without reserves. The system is simulated for 700 s. At time t = 5 s, we lost a 10MW generating unit of (3.4% of total production) switching off generator SG2. This makes it
possible to display the behavior of the system in the next 10 min.
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Figure 7: System frequency with no control and no reserve (left) and with 80 MW of spinning reserves and
no control (right)

With no reserves, the frequency drops to 58.5 Hz in 6.5 s and continues to fall rapidly; it
drops further down to 57 Hz. The second simulation shows the action of reserves after the
same generation loss. Figure 7 (right) presents a frequency profile of the same system with no
control, but with 80 MW of spinning reserves. Only the first 100 s of simulation is presented in
this figure because the system reaches the steady state about 50 s after the fault. After the loss
of 10 MW of generation, the frequency drops to 59.3 Hz, and then reaches the steady state of
59.92 Hz after an overshooting of 0.1 Hz. The static error in steady state is caused by the 5%
droop control of the generating units. All variables in Figures 8 to 12 are presented in two time
ranges in an aim to emphasize their transients and 10-min values.
4.1.

Centralized control

This section presents the performances of the centralized control with MB-PSS and DC. The
communication delay is represented by à pure delay of 0.25 s. Figure 8 shows the frequencies
of the system with controllers compared to the frequency of the system with reserves.
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Figure 8. System frequency of centralized control with no reserve/80 MW spinning reserves

After the generation loss, the system with the MB-PSS controller frequency drops to the same
level (59.3 Hz) as the system with 80 MW spinning reserves. It then rises to reach 60 Hz and
decreases gradually by 0.05 Hz/100 s during the next 10 min to reach 59.4 Hz at 690 s (11.5
min) after the fault. Meanwhile, the system with the DC controller frequency has a different
profile compared to the system frequency with spinning reserves and the system with MB-PSS:
the post-fault frequency decreases by about 0.13 Hz/s during the first 5 s then reaches a steady
state of 59.4 Hz after 7 s. The jitter observed in the frequency profile is caused by the fact that
the controllable loads are switched on or off and not controlled linearly. Figures 9 and 10 show
the controller outputs and the modulated power after the generation loss. As expected,
controllers correct the frequency drop by sending negative signals to controllable loads to
switch them off. The MB-PSS output reaches its minimum (-1) after 10 s. Thus, all controllable
loads (29.2 MW) are switched off. The MB-PSS output then tends to stabilize at (-0.6) to switch
off near about 60% of controllable loads. On the other hand, the DC output steadies at (-0.6)
after 12 s and stays at this value for the next 10 minutes.
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4.2.

Decentralized Control

Figure 11 shows the system frequency with decentralized control. It has the same profile as
the frequency with centralized control, although after a fault, the system frequency with
decentralized MB-PSS controllers drops to 59.45 (0.15 less than MB-PSS in centralized control)
and stays above 59.65 Hz after 10 min while it reaches 59.4 Hz in the centralized
mode. Decentralized DC controllers also give better performances in steady state than
DC in centralized mode; after the fault, the frequency stays at 59.65 Hz after an overshoot of
0.1 Hz.
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Figure 12. Modulated MW with decentralized control
and no reserve/80 MW spinning reserves

Figure 12 shows modulated loads with decentralized control after the generation loss. It
should be recalled that in this mode loads are not switched off or on as is the case with
centralized control. They are controlled using a dimmer, with the result that their consumption
varies continuously depending on the controller signal. For the same event (loss of 10-MW
generating unit), decentralized control uses about 6.25 MW (21.4% of controllable loads) less
than centralized control, enabling more loads for other unforeseen events. Table 3 shows the
performances summary of both control modes. The decentralized mode presents better
performances; 21.4% less MW used, a lower frequency dip (0.15 Hz) and keep frequency
closer by 0.25 Hz to 60 Hz after 10 min of 10 MW generation loss. We observe that the
frequency profile of the decentralized mode do not present the jitter seen in the centralized
mode. This is because that loads in this mode are controlled linearly with power electronic
device and not switched off or on as in the case of centralized mode.
Table 3: Performances summary of the two control mode

Control Mode

Centralized Control

Decentralized Control

Performances

MB-PSS

DC

MB-PSS

DC

Frequency dip (Hz)

59.3

59.4

59.45

59.55

80 MW reserves

59.3
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Frequency After 10 min of
generation loss (Hz)

59.4

59.4

59.65

59.65

Overshoot (Hz)

0

0

0.05

0

Controllable Loads used
for Control (MW)

17.25

17.25

11

11

59.9
0.01
_

5. Conclusions
The paper has presented two control modes of a responsive demand to enable primary and
10-min reserves of a modified IEEE 14-bus power system connected to CIGRE's MV
benchmark system. The effectiveness of both control modes is demonstrated by phasor
simulation of the system in SPS. Both centralized and decentralized controls keep the system
frequency at a satisfactory level after a 3.4% loss of total generation. However, decentralized
control yields better results than its centralized counterpart by keeping the frequency at a
h i g h e r level with less controllable loads.
This technology presents the benefit of using a large range of controllable loads (kW for
residential EWH to MW for industrial EWH) to accomplish the frequency control. Since the
centralized mode controls loads by switching them on or off, using it for large loads will lead to
high jitter in the frequency signal that could lead to instable operation. The implementation of
this technology needs the installation of smart meters and sophisticated communication
network to assure its operation. This paper shows that demand response could substitute
efficiently spinning reserves.
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