View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Online Research Database In Technology

Technical University of Denmark DTU
>

Hardware-in-the-loop Test for Demand as Frequency Controlled Reserve

Liu, Zijian; Zimmermann, Jakob Kjaer; Wu, Qiuwei

Publication date:
2014

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Liu, Z., Zimmermann, J. K., & Wu, Q. (2014). Hardware-in-the-loop Test for Demand as Frequency Controlled
Reserve. Technical University of Denmark, Department of Electrical Engineering.

DTU Library
Technical Information Center of Denmark

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://core.ac.uk/display/84001505?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://orbit.dtu.dk/en/publications/hardwareintheloop-test-for-demand-as-frequency-controlled-reserve(f0b07ed1-0699-4434-ae82-65ae17bd703c).html

Hardware-in-the-loop Test for De-
mand as Frequency Controlled Re-
serve

Zijian Liu, Jakob K. Zimmermann and Qiuwei Wu

December 2014

DTU Electrical Engineering

=
—]
—

i



Hardware-in-the-loop Test for Demand as Frequency Controlled Reserve

2014

By

Zijian Liu, Jakob K. Zimmermann and Qiuwei Wu

Copyright: Reproduction of this publication in whole or in part must include the customary
bibliographic citation, including author attribution, report title, etc.

Funded by: Energinet.dk as a part of the framework agreement relating to the use of Pow-
erLabDK’s facilities.

Published by: Department of Electrical Engineering, Elektrovej, Building 325, DK-2800 Kgs.
Lyngby, Denmark

Request report www.elektro.dtu.dk
from:



11
12
1.3
14

21
2.2
221
222
2.2.3
224
2.3

3.1
3.2
3.3
3.3.1
3.3.2
3.4
34.1
3.4.2

4.1
4.2

51
52
53

Hardware-in-the-loop Test for Demand as Frequency Controlled Reserve

oY1 (oo [0To1 o] o R 5

BACKGIOUNG. ...ttt e et e e et e e e s b e e e e et e e e e abeeeaeaa 5
LITErATUIE TEVIBW ....eee ittt e ettt e e a et e e e ea et e e e en bt e e e smbe e e e e anbeeeeeanbeeeaens 5
BOrNNOIM POWET SYSIEIM ....ueiiiiie e ittt e e e e e e e e e e e e e e e e e e st e reeee e e e nnnneees 5
Hardware in the 100D TESE.......eeei et e et e e e e e e e e e e e e e neneeees 7
MOAEIS AN INEEITACE ...t 8
Bornholm SYStemM MOGEL..........ooiiiiiee e 8
RSCAD Heat PUMP IMOUEL ...t e st e e 9

CONTIOL ..ttt 9

(000101 1001 2= 11 o] o F OSSP 10

INTETALISATION ...t 12

L= S O PR U PO PPROUPRUPROURN 12
[ LI 1 (=T o - o= PSPPSRI 14
DFR CONIOl LOGICS ...itiieiieee e e ettt e e e ettt e e e e e e e e e e e e e e et e e e e e e e e e s snssbeneeeaeeesennsseees 17
Ao o Dot o] IR PTPPRP PRSP 17
(07011 {01 o] o] [=01 A SRR 17
(00011 (o] I (o]0 [0 PR POPPPPRRR 18

CONLrOL TOGIC TYPE | 1.t 18

(0T ] a1 (o] I [o] o o3 1/ o L= I SRR 18
SIMUIALION AESIGNING .eeieiiiee e e e et e e e e e s st e e e e e e e e seabeseeeaaeeeeanns 19

Type | control 10giC apPHCALION ......cciiiiiiieiiiiiie e 19

Type 11 control 10gic apPliCATION ......eeieeiiie i 21
SIMUIALION SCENATIOS ... uteteiitit ettt es et sb e et e e st e e ne e e 23
[ Fo oot = o PSPPSR 23
SIMUIBTION SEILINGS ...ttt ettt ettt neneas 25
RESUIES AN DISCUSSION....cet ettt ettt ettt ettt ettt e e et e e e st e e e et e e e ann e e e anneeeas 26
RESUITS AEMONSIIATION ...ttt 26
Frequency regulation EfFICACY .........uuiii i 28
SPECITIC HISCUSSIONS ...ttt ettt ettt et e e ettt e et e e e et e e e et e e e e nees 33



5.3.1 Lo (Vw1 o] o IR 33

5.3.2 Hardware-in-the-100p test PErformManCe ..........eeiiiiiiiii i 33
5.3.3 Heat pump DFR responding to slight disturbance...........ccccooiiiiieiiiiii e 34
5.34 High penetration level 0SCIllation...............cooiiiiiiiiiie e 36
5.35 FCR requiremMents diSCUSSION .......ciuvvreeiitieeeeiteeee ettt e ettt et e e e e e e 36
6. CONCIUSTON ...ttt ettt ee et s et et eanees 38
7. 2] o] oo =T ] 1)V ST SRI 39

Hardware-in-the-loop Test for Demand as Frequency Controlled Reserve 4



1. Introduction

1.1 Background

The alternating current (AC) technology dominates the electric power transmission field today
due to diverse reasons. Frequency, AC'’s significant parameter, affects every aspect of power
system. A stable system frequency demonstrates the balance between power generation and
demand. Frequency-sensitive loads such as motors and electronic devices function properly in
nominal frequency range. Therefore, system frequency stability is the key issue in power system
operation.

Power generation and demand can contribute equivalently to frequency control as reserves in
theory. However, the complex situation of demand side brings overlook on its potential. The re-
al-time monitoring requirement for many distributed, small sized loads, is considered the major
obstacle to utilize the demand as reserves [1]. Besides, for most end user appliances, external
control actions could undermine customer comfort meanwhile bring extra wear and tear. There-
fore power plants undertake frequency reserve service conventionally. Demand side method
such as load shedding is only considered as emergency measures if the frequency drops below
49Hz.

However, in the wake of renewable energy development, the conventional mode is facing grow-
ing challenge now. Danish power system is an appropriate case. The wind energy penetration
has a rapid growth and aims to achieve 50% in 2025. Thus the lack of balancing resources be-
comes an inevitable issue. The researching of demand frequency reserve (DFR) is boosted. In
fact, some household electricity appliances are suitable for reserve requirements. Furthermore,
they could have considerable capacities due to the large number of units, for example, refrigera-
tors, freezers and electric heating loads. By installing sensors and controllers with proper control
logic, those appliances can respond autonomously to frequency deviation and provide fast re-
serve to the system. Among them, electric heating loads are particularly attractive because their
heat capacity allows electric power consumption to be moved in time without degrading the
quality of service. In this project, the efficacy of the frequency regulation provided by the electric
heating loads will be focused.

1.2 Literature review

Practice on using demand as frequency reserve has never stopped in last 20 years. 1000MW
Industrial loads in Finland are used as manual reserves [3]. In [4], industrial loads controlled by
low frequency relay are involved in a market — based demand management program. These
projects verified the feasibility of DFR, but mainly focused on industrial loads. In [5], the Pacific
Northwest National Laboratory (PNNL) put forward the point that household appliances could be
disconnected within seconds temporarily as reserve. Technical University of Denmark (DTU)
contributes in this branch. Implementation and practical demonstration on DFR is carried out
with SmartBox and refrigerator as described in [6] .In [1], two types of DFR control logic are
tested with Bornholm system model in DigSILENT Power Factory.

1.3 Bornholm power system

Bornholm is a Danish island located in the Baltic Sea. It is equivalent to about 1% of Denmark
with regard to area, population and energy consumption.

Hardware-in-the-loop Test for Demand as Frequency Controlled Reserve 5



Figure 1 — The island of Bornholm with major generation units and 60 kV grid [7]

Bornholm power system is regarded representative for Danish distribution grid with substantial
wind power. The yearly wind power penetration is about 33%. The Bornholm power system is
connected to Swedish power system, but can also run in island operation mode.

Table 1 — Major technical information of Bornholm power system

Substation Number of 60/10 kV 16
Number of 10/0.4 kV 1006

Generation Units Wind power plants 30MW
CHP/biomass and coal 16MW
Biogas PLANT 2MW

Hardware-in-the-loop Test for Demand as Frequency Controlled Reserve 6



Others 1MW

Demand Peak load 55MW

It is a commonly known that electricity generated from wind power could be highly variable.
When Bornholm system runs in island operation mode, it will be difficult to maintain the fre-
quency stability with large wind power capacities online. It is a quite typical issue for distributed
systems with high wind power penetration, especially the expected Danish power system in
2025. Therefore, Bornholm power system, island operation mode in particular, is considered to
a miniature of future Danish power system. It ideally suits for researching of DFR technology.

1.4 Hardware in the loop test

Hardware in the loop (HIL) test is the key simulation method in this project. Different from pure
virtual simulation, HIL is a technique in which hardware equipment is incorporated into the simu-
lation, especially simulation of large size system. A real-time simulator runs a system model
meanwhile communicates and interacts with hardware through an interface. Such an approach
provides many unique advantages:

o HIL test makes it possible that an apparatus can be investigated repeatedly and thoroughly in

a realistic emulated environment even long before the actual system has been built and
commissioned.

e Some extreme conditions can be examined without the risk of unacceptable loss. The limit or
defects of apparatus could be discovered with the greatest chance.

¢ Transients generated by hardware can be transmitted to system model. It helps improve the
system designing with accurate references [8].

HIL test has been applied to power system simulation in recent years. It is mainly used in test-
ing and regulating stability issues of large scaling power system. A real-time platform which can
model large scaling power system is essential. In this project, Real Time Digital Simulator
(RTDS) developed by RTDS Technologies Inc. plays the role as such a platform.

Hardware-in-the-loop Test for Demand as Frequency Controlled Reserve 7



2. Models and Interface

2.1 Bornholm system model

A preliminary Bornholm power system model is built in RTDS. In order to simplify the simulation
complexity, only dispatchable generation units, specifically CHP plant and biogas plant, are re-
mained in the model. All wind turbines and other undispatchable generation units are removed
due to being helpless on frequency regulation. Corresponding value of loads are reduced from
the system to make sure the stability of power flow. Thus the nominal generator capacity and to-
tal demand in the system are equally 18MW.

BUS #68

PS4vOID . . Pset

1.03422 /_28 35457
8d

A8 Ces 495
L L ]

396

‘ »

198
9.90

0.00
c p MW

|oadEventl

A B c

RISC

Dynamic Load (RN
HASEvent

2.86 MW
225 MVAr

Figure 2 — Load event block in RTDS

Figure 2 shows the RISC dynamic load model located in Hasle. The load value is accurately
controlled by a slider in Runtime interface. By changing it, load variation contingency can be
simulated. As mentioned above, wind turbines and other undispatchable generation units are
eliminated in Bornholm RTDS model while only synchronous generation block 5 and 6 re-
mained. Thus it is impossible to simulate scenarios which resulting in generation outage, for in-
stance, winddrop below the rated speed of wind turbine. In spite of this, the load variation can
break the power balance, i.e. lead to system frequency instability equivalently. Since this project
focusing on the efficacy of heat pump as frequency reserve, the cause of contingency is less
concerned.
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Figure 3 — Sea cable model in RTDS
I ne sea cable model can be connected/disconnected grid by a trigger. Vwhen It Is disconnected,
the Bornholm system runs in island operation.

2.2 RSCAD Heat Pump Model

A house with a heat pump is created as a component in RSCAD. The model is based on formu-
la (4.1a-b) in EcoGrid EU D1.4a_2 shown below to calculate the change in temperature of the
inside and structure at each simulation step.

. 1
Ti = E (Uie(Te - Ti) + Uia(Ta - Ti) + QH + Awq)s) (1)
i

. 1
Te = C_(Uea(Ta - Te) + Uis(Ti - Te) + Aeq)s) (2)
e

The heat pump draws power from a three phase bus and is implemented as a pure resistive
load in a delta configuration. The conductivity of each resistive load is calculated using the rated
bus voltage (3). The heating power is calculated from the actual bus line to line voltages and the
heat pump COP. A large difference from the rated voltage will result in a different output power.

P
o=t @)
Vrated
Qu = COP-P (4)
P=GWg + Vi +V2) ()
COP = COPA(T, — T,) + COPB (6)

2.2.1 Control

There are implemented two control types. The inputs for the model are different in the two cas-
es as shown in Figure 4. If the control is in On/Off mode, the heat pump will heat at 0 or 100 %
using a hysteresis between TsetMin and TsetMax.
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A 1 Heat purp model gE— . A 1 Heat purp model gE—
air heating TsetMin air heating Tset
B B
Size: 133 m"2 | TsethMax Size: 133 m"2

c c

—{Heat purmp: 2.5 KW K— : —{Heat purmp: 2.5 KW K—

Solarradiatior Solarradiation
/|\T-:-ut- . . . . /|\T-:-ut- . .

Figure 4 —- RSCAD Heat Pump Model with relay control (left) and inverter control (right)

With an inverter, the output can be adjusted between 0 and 100%. To make the controller sim-
ple a proportional controller is used. To avoid the steady state error inherent in a proportional
controller the energy loss from the inside is used in addition to the actual and set point tempera-
ture. This is done by taking formula 1.1a substituting Q;; = COP-P and T; = T, — T; and then
isolating P. P is then limited to the range of the heat pump.

_ _Uie(Te B Ti) - Uia.(Ta — Ti) — A4, P + (Tset B Ti)Ci
B COP )

2.2.2 Configuration

The inputs to the model are always the outside temperature [°C] and solar radiation [W/m2]. The

set point temperature is a single value with inverter control but in relay control it has a minimum
and maximum value.

The configuration is split into three tabs. The first tab (Figure 5) has the required parameters
and the values used for initialization of the model. It is also possible to set a higher scale factor,
so the simulation is of X identical houses instead of just one.

Hardware-in-the-loop Test for Demand as Frequency Controlled Reserve 10



house.def
| CONFIGURATION | House | Monitoring |
Mame Description Walue Unit Min Wax
priyp Solve Model on card type: GPC/IPB5 |v 1 2
Mame Component name HeatPump
Aori Assignment of Model to Processor Card Antomat...|v 0 1
CARD -if Manual: Begin on Card 1 106 1 i}
Rprc -if Manual: Begin on Processor A - 0 1
Aprc -if Auto: Begin on Processor Either hd 0 2
Scale Scale to x houses, all monitored values are of one house 1 1
Vbhus Rated Line to Line Bus Voltage K] KV(RMS)
Tairlnit Initial inside temperature 20.5 degC
Toutlnit  |Initial outside temperature 5 degC
G_Sinit  |Initial solar radiation 30 Wimn2 0
Update || cancel || cancelal

Figure 5 — Configuration parameters, general

In the second tab the parameters of the house and the heat pump can be adjusted. Underfloor
heating is not implemented yet, but will also be configurable from here. COP is calculated using
formula (6) based on the two values given here.

The last tab is to enable monitoring of different parameters in the model and giving the parame-

ters name. It is possible to monitor power, COP and all the simulated temperatures and heat

flows.

house.def

( CONFIGURATION | House | Monitoring |

Mame Description Value Unit Min Wax

Area Ground area 133 m*2 1

Height Height of house 2.5 m 1

Power Maximum heat pump power draw 2.5 kW 1

i Ventilation rate 0.5 0

COPA COP scaling factor (ax+b) where x is difference in temperature  }0.03528 -1 0
COPB COP factor with no temperature difference 3.807 1 100
Awindow  |Part of wall with window .2 0 1
control Chose between relay (ON/OFF) and inverter control Relav 0 1
ufHeat Underfloar ar air heating 0 1

Update || cancel || CancelAl

Figure 6 — Configuration parameters, house

Hardware-in-the-loop Test for Demand as Frequency Controlled Reserve
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2.2.3 Initialisation

For the initialisation of the model the values outside of the model is not available. Therefore ini-
tialisation values must be given, as shown in Figure 5. The interior temperature is set directly.
The exterior temperature is then calculated from (2) using T, = 0.

_ Ueo Ty + Ui T, + A, D 3
¢ Uea + Uis ( )

224 Test

To test the model a simple test case is created, shown in Figure 7. A breaker is placed between
the source and the model controlled by the switch Pump2. The outside temperature is controlled
by a slider.

Heat pummp model

BRIZE air heating TsetMin

)

Size: 133 m"2 Tsethlax

BRE2C o
T Heat purp: 2.5 kW
- Teud F
H= 0.4 kv 1P'-"Tl¢ Solar radiation
’ : : : o m £ . . . STout -
==HFR |2 =1 out

]

Figure 7 — Heat pump model test case

Running the model with the default parameters gives the result shown in Figure 8. The solar ra-
diation was set to 30 W/m? and the temperature range to 20-21 °C.

Hardware-in-the-loop Test for Demand as Frequency Controlled Reserve 12



On/off control

21 T
20.5¢ - T M~
O inside
o
20 Tstructure
19.5 ! I |
00:00:00 00:10:00 00:20:00 00:30:00
10
\ P \
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electricity
= 5t \ P \
=~ ‘ heat “
0 ] | |
00:00:00 00:10:00 00:20:00 00:30:00
6
Toutside
OO 5
4 ‘ ‘ !
00:00:00 00:10:00 00:20:00 00:30:00

Time (HH:MM:SS)

Figure 8 — On/off control with default parameters

Changing the control type to inverter based and the set point to 20.5 °C gives the results shown
in Figure 9. At around 13 minutes a breaker between the source and the model was switched
off for a short period. The inside temperature drops in this period and as soon power is restored
the heat pump restarts at full power until the temperature is restored to the set point. In the end
the outside temperature is changed but the controller immediately changes the heat pump out-
put so the temperature is kept constant. If a temperature change is kept for a longer period the
structure temperature will slowly change.
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Inverter control
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O 20t T .
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~ L
‘ I
0 — h ‘ .
00:00:00 00:10:00 00:20:00 00:30:00
20
Toutside
g o |
_20 L L L
00:00:00 00:10:00 00:20:00 00:30:00

time

Figure 9 — Inverter control reaction on manual changes

There have not been run exhaustive test on the processor load, but the stacking load is set to 5
and at that level a processor was tested at full load without experiencing a time step overflow. If
it is needed it is possible that the stacking load could be reduced.

2.3 HIL interface

The SmartBox is a demand response (DR) device developed for use in smart grid projects with
the need of being able to regulate numerous demands while measuring consumption, grid fre-
quency and other related parameters [9].

Hardware-in-the-loop Test for Demand as Frequency Controlled Reserve 14



Figure 10 — SmartBox appearance [9]

This programmable apparatus is developed as a multi-function hardware for different project in
electrical engineering. The SmartBox is supplied from a standard 230 V outlet and is measuring
frequency, voltage and current draw of any load attached to the SmartBox [9]. It can control or
regulate an attached device according to digital or relay signals. In this project, this box controls
a RTDS heat pump model as DFR by measuring the system frequency. The interface of Smart-
Box and RTDS consists of a GTAO and GTDI card.

RTDS .., Freq, curentand Smartbox
R voltage (analog)

GTDI [———Relay{digtal)

Figure 11 — Interface diagram of SmartBox

In order to illustrate the interaction between RTDS and SmartBox, a more detailed interface di-
agram is presented as Figure 7. The frequency at bus 88 in the system model is read at GTAO
channel 1. The GTAO card does a D/A transformer and output the analog signal to SmartBox.
The signal runs through a measurement transformer and an analog filter. Then the analog sig-
nal is processed by a 16-bit A/D converter. The system frequency is calculated by zero-crossing
algorithm. A central processing unit (CPU) takes care of all data handling, time stamping and
control of internal elements. In this project, the CPU sends a command to relay device accord-
ing to system frequency condition. The GTDI card reads the relay status input from the Smart-
Box. A word to bit converter transfers the relay status to a switching signal to the breaker model
of heat pump.

Hardware-in-the-loop Test for Demand as Frequency Controlled Reserve 15



One point worthy emphasizing is that the HIL test in this project is classified as controller HIL.
That means the hardware is a controller dealing with low level signals (typically within a range of
+10V, 50mA [8]). No extra interface devices are needed since the converters are qualified for
signal transmission. However, in some cases the hardware could be a power apparatus such as
a transformer or motor. Then extra interface device are required to carry out signal processing
task.

.
9 o J“

== CcPU |
v . v,r,P,q] . (GPRS)
Int. [ \—’ Relay I
Digital | +——— =
conn

[l
"

SmartBox RTDS

Figure 12 — Detailed diagram for HIL interface
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3. DFR Control Logics

3.1 Introduction

In this chapter, the objective of DFR control is clarified firstly. The DFR control logics from [1]
will be briefly introduced. The focal point is how to modify and apply the logics to RTDS model
and HIL test.

3.2 Control objective

In this section, how the DFR control getting involved into power system load-frequency control
is investigated.

The supporting document [10] is for the network code on load — frequency control and reserves.
In a relative document [11], reserve providing units, both power generation module and demand
units are classified into 3 kinds according to efficacy:

¢ Frequency Containment Reserves (FCR) means the Operational Reserves activated to con-
tain System Frequency after the occurrence of an imbalance.

e Frequency Restoration Reserves (FRR) means the Active Power Reserves activated to re-
store System Frequency to the Nominal Frequency and for Synchronous Area consisting of
more than one LFC Area power balance to the scheduled value.

¢ Replacement Reserves (RR) means the reserves used to restore/support the required level
of FRR to be prepared for additional system imbalances. This category includes operating re-
serves with activation time from Time to Restore Frequency up to hours.

Due to the designed control logic (See section 3.3), the supposed heat pump DFR activation
time is within several seconds. Therefore DFR is suitable as FCR. In addition, since heat pump
should be back to normal duty circle for customer comforts, it is not ideal for relative long period
secondary frequency control as FRR or RR.

The responsibility of FCR is providing primary frequency control to restrain the frequency devia-
tion in first time. In [11], the minimum technical requirements for FCR are proposed. The re-
quirements specifically raised for Nordic energy system are listed in table 3. These require-
ments are regarded as objectives of heat pump DFR control.

Table 2 — FCR minimum technical requirements for NE [11]

Minimum accuracy of measurements Requirements for Nordic power system
Maximum combined effect of inherent Fre- 10mHz

quency Response Insensitivity and possible

intentional Frequency Response Dead band

of the governor of the FCR Providing Units or

FCR Providing Groups.

FCR Full Activation Time 30s if frequency is outside

FCR Full Activation Frequency Deviation. standard frequency range

Hardware-in-the-loop Test for Demand as Frequency Controlled Reserve 17



3.3 Control logics
3.3.1 Control logic type |

The type | disconnects and reconnects electric appliances to the grid when system frequency
falls and recovers, respectively [1].

AfHz
Ii?ﬂ' Lon
Normal Disconnection | | Normal
operation | due to DFR | | operation
. Time
Deadband

Figure 13 — lllustration of Type | control [1]

One key point in control logic type | designing is that the reconnection frequency should be
equal or higher than the disconnection frequency set point. Otherwise it may lead to frequency
oscillation between the two set points and further extra tear and wear of appliances. For ther-
mostatically controlled loads, there are two possible designing about the appliances condition
after reconnection. la is always start on and Ib is depending on the reconnection temperature. In
this project, the first design is chosen.

3.3.2 Control logic type |l

The control logic type Il is customized for switching the thermostatically controlled loads by ad-

justing the nominal temperature set points T,f‘i‘_jfhm“l and Tj9r™mal - An offset coefficient kf connects

the frequency deviation with temperature offset, i.e.,
I
'z;rfgh = 2;?;;}““ + 'Z‘f(f _f[‘)) (9)
normal
If:ow = I;ow + Af(f - f:)) (10)

fo is the nominal frequency, 50Hz in Nordic power system. The basic thought inside this control
logic is giving an offset which is proportional to frequency deviation to the thermostatically con-
trolled loads set points in order to activate them as DFR. A figure in [2] illustrates this mecha-
nism quite clear.

Hardware-in-the-loop Test for Demand as Frequency Controlled Reserve 18
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Figure 14 — lllustration of Type Il control [2]

Figure 14 gives the information that when frequency drops, the offset makes the temperature
set points drops with it. Then several initially on heat pump units are turned off due to outside
the set point. Consider a large number of heat pumps distributed uniformly in their temperature
set range. If the frequency varies by Afand if kfAf < T,ﬁ‘;ﬁlmal Thormal the power decrease or

increase can be estimated by

R?ﬁr nomijﬁ Af normal X P x /1 (1 1 )
I}ug.fr - ‘?:ou
KAf
on — Tnomaaf Tnorma! P X (1 - ;") (1 2)

high low

Where P is the total installation of heat pumps and A is the percentage of on units [1].

In type Il control, offset coefficient kf is the key parameters. The bigger kf brings larger tempera-
ture offset and then activate more heat pumps for frequency regulation. But there is also a limi-
tation since bigger kf also leads to greater probability of appliance tear and wear. Therefore, dif-
ferent kf values can be used or different frequency range. In this paper, two kf values are used
in the same control system.

3.4 Simulation designing
3.4.1 Type | control logic application

This section gives the information that how the type | logic controlled heat pumps DFR are ap-
plied to the Bornholm system model.

There are 6 heat pump models controlled with type | logic. Each heat pump model has the
equal capacity. All these 6 heat pumps operate in inverter mode. Therefore they have a con-
stant total power consumption when connected to the system. That makes this type of reserve
have a quite stable capacity. Furthermore, they are supposed to be turned on after reconnec-
tion, which is the requirement of type la.

Hardware-in-the-loop Test for Demand as Frequency Controlled Reserve 19



The disconnection set point is chosen as 49.90Hz which is the standard frequency range ac-
cording to [10]. In [2], a suggestion is put forward that the set points of many DFRs with similar
capacities can be designed according to a uniform distribution over a small range. It can make
the reserves activated proportionally. Therefore the disconnection set points are designed sepa-
rately from 49.90Hz to 49.85Hz.

Table 3 — Disconnection set points of type | heat pump

Heat pump model number  Disconnection frequency
49.90Hz
49.89Hz
49.88Hz
49.87Hz
49.86Hz
49.85Hz

D a0 B~ 0N -

The HIL test is applied to heat pump model 1. As shown in Figure 12, the SmartBox controls the
breaker of heat pump model 1. In reality, a compressor is the key device of heat pump. It is not
reasonable to turn on/off the compressor twice or more in a short time. Therefore, the SmartBox
is programmed to fulfill that requirement by setting some time limits. These are summarized in
table 5 with illustrator Figure 15.

0.5 sec. smoothing Frequency

measurement

Disconnection - <= Resconnection setpoint

setpoint i 1
: time
il 1 1 .
HE | T 1 | T >
o—— A —
i
L}
! Min disconnection t|mef ! Reconnection delay
' 1
I
! Max disconnection i Minimum connection time
: i ! after reconnection
- ol

Disconnected

Figure 15 — lllustrator about SmartBox (source: EA Energianalysis)

Table 4 — SmartBox settings
Parameters  Description
49.900Hz Disconnect Set point

49.950Hz Reconnect Set point

2s Reconnect Delay
10s Minimum disconnect time
180s Max disconnect time

Hardware-in-the-loop Test for Demand as Frequency Controlled Reserve 20



360s Min connection time after reconnect

Other heat pump models are controlled by logic circuits. The key component of that logic circuit
is a comparator. A hysteresis is set as 10s, corresponding to the minimum disconnect time of
SmartBox.

sl 7 ,
— EY= 0 \ BRKS
se
By Y= |
FREQ  ~pendif

Figure 16 — Logic circuit controller

Such a design determines that the disconnection and reconnection set point are the same to
each other. Nevertheless, the actual reconnection point in simulation is also depending on the
hysteresis.

3.4.2 Type Il control logic application

Three heat pump models are involved in type Il control. Each heat pump model will have a
unique initial state in simulation. As the same to type I, all heat pump models have the equal
capacity. But they operate in relay mode since the high and low temperature set points are
needed for type Il control logic.

Different from the type | DFR, type Il DFR involve both frequency increasing and decreasing
events. A variable offset coefficient is applied according to the frequency range

Table 5 — Offset coefficient kf value
Frequency range  Offset coefficient value
f > 50Hz kf =20
f < 50Hz kf=10

This is in consideration of DFR capacities in different range. When the frequency drops below
49.90Hz, type | logic controlled DFR contribute as reserve. In the range of [49.90Hz, 50HZz], i.e.
inside standard frequency deviation, a smaller kf can prevent excessive wear out. Thus a small-
er kf is applied to frequency below 50Hz. Unlike frequency decreasing regulation, only type Il
DFR contribute when frequency increasing above standard range. Therefore the maximum kf
should be applied. The heat pump temperature set points are 19 and 21 oC. It means if the off-
set reaches 2 oC, all the available heat pump DFR will be activated. The frequency deviation of
standard range is 100mHz, hence

Maximum kf = maximum offset/ frequency deviation=2/0.1 =20 °C/Hz (13)

In theory, the kf in range [50Hz, 50.10Hz] can be a smaller coefficient. But that may lead to os-
cillation around the boundary which is not easy to solve by the preliminary model. So the kf in
the frequency range above 50Hz is designed as 20 uniformly.

In the Bornholm system model, such a variation of kf is achieved by a logic circuit. The key
component is a signal selector.
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Hardware-in-the-loop Test for Demand as Frequency Controlled Reserve

Offset

22



4. Simulation Scenarios

4.1 Basic Scenarios

To verify the efficacy of heat pump loads, specific designed changes of system demand are set
as contingencies. The Bornholm system model runs in island operation mode for sure. To break
the balance between power generation and demand, the method is increasing/decreasing the
Hasle dynamic load in this project. The following Table 6 shows the basic scenarios.

Table 6 — Basic Scenarios with system contingency

Contingency type  Contingency ratio of total DFR (heat pumps) penetration level

demand 0% 25%  5.0%  7.5%

System demand 2.5%
increasing 5.0%
7.5%
System demand 2.5%
decreasing 5.0%
7.5%

Each contingency type has three levels according to the contingency ratio of total demand. This
is defined as the percentage of the disturbance power versus the total system demand, i.e.:

: . Py
Contingency ratio% = W‘P&- (14)
total

The summation of total demand is Pigtai = Pioag + Pheat pump = 18MW. Pheat pump, the power of
heat pumps as DFR, varies in penetration level from 0% to 7.5%. The penetration level here
has the similar definition as contingency ratio which is quoted from [2]:

Pheat pumps o
=—— /o

DFR penetration level%
Protal

(15)
Six contingency ratios and four penetration levels are designed. Therefore 24 basic scenarios
are included in this project.

The contingency ratios are designed based on the frequency deviation of the original system
model without heat pump DFR (0% DFR penetration level). This is related to a classification de-
pending on the Nordic power system network code. In the supporting document for the network
code on load-frequency control and reserves from Entso-e, a standard frequency range is used
as a basis for system frequency quality. Standard frequency range is defined as the range with-
in which system should be operated for defined time intervals [3]. When it comes to Nordic
power system, this frequency quality parameter is defined as £100mHz. Therefore, the frequen-
cy deviations that caused by contingency events are classified into three ranges:
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Table 7 — Frequency deviation classification
Deviation range Description Disturbance level

|Af| < 100mHz Deviation that within Slight
standard range

100mHz < | Af| < 150mHz  Deviation that slightly be-  Medium
yond standard range

|Af] > 150mHz Deviation that obviously Large
beyond standard range

One point should be emphasized about the classification. The setting of 150mHz condition is
based on the DFR set points controlled with logic type I. As mentioned in section 3.4, the mini-
mum break point of type | DFR is 49.85Hz. In another word, if the system frequency drops more
than 150mHz, all the type | controlled DFR should be activated. Thus this condition is specifical-
ly designed due to the function of DFR.

50.2

50.15

50.1

50.05

Max-Instantaneous Frequency (Hz)

-7.5-7-6.5-6-5.5-5-4.5-4-3.5-3-2.5-2-1.5-1-050 051 15 2 253 354 455556 657 7.5

Contingency Ratio (%)

Figure 18 — Contingency ratio versus frequency

As mentioned above, several events are simulated with 0% DFR penetration level to decide the
contingency ratio. The mean maximum instantaneous frequency of 5 times simulation is fo-
cused.

Figure 18 demonstrates that the frequency deviation increases with the contingency ratio. This
relationship is linear by intuition. According to the classification principle in Table 9, six contin-
gency ratios are chosen as simulation scenarios.

Table 8 — Selected contingency ratios

Contingency ratio Mean Max-Instantaneous f ~ Frequency devia-
tion
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Demand increasing 2.5%  49.943Hz 57mHz

Demand increasing 5.0%  49.886Hz 114mHz
Demand increasing 7.5%  49.827Hz 173mHz
Demand decreasing 2.5% 50.057Hz 57mHz

Demand decreasing 5.0% 50.116Hz 116mHz
Demand decreasing 7.5% 50.174Hz 174mHz

With contingency ratio 2.5%, both demand increasing and decreasing, the system frequency
deviation is within the standard frequency range. For the scenarios with this contingency ratio,
the simulations aim to investigate how the heat pump reserves response to slight disturbance.
The control strategy dead band and the appliances extra wear-out shall be discussed. With con-
tingency ratio 5.0%, both demand increasing and decreasing, the system frequency deviation is
slightly beyond the standard frequency range. For the scenarios with this contingency ratio, the
simulations aim to investigate how the heat pump reserves response to medium disturbance.
The hardware in the loop test will be focused. The ability of DFR to limit the frequency deviation
to the standard frequency range shall be discussed. For the contingency ratio 7.5%, the system
frequency deviation is obviously beyond the standard range and all the DFR reserves are sup-
posed to be activated. These scenarios are regarded as severe events which test the maximum
frequency regulation ability of heat pump reserves.

Four different DFR penetration levels are carried out at 0%, 2.5%, 5.0% and 7.5% in simulation.
It reflects the heat pump capacity changing in real life. The 0% penetration level is regarded as
control group since it represents no demand reserve. The efficacy of different penetration levels
shall be compared and discussed. As indicated in [2], the complexity of real situation makes it
way too difficult to simulate the actual power of heat pump consumption. The installed capacity
is used in quantifying the amount of DFR heat pumps. The actual power of DFR heat pumps
should be smaller than the levels defined. In real operation, the experience value of power con-
sumption could be effective due to the heat pump’s usage is relatively regular.

4.2 Simulation settings

Each scenario comes down to five times of repeated 150 seconds real-time simulation process.
A starting-up stage of generators occurs right after the simulation begins. The system frequency
oscillates initially and then recovers to nominal value. A stable nominal frequency is one of the
preconditions for the contingency events. Besides, the starting-up oscillation could activate the
SmartBox’s control action and make it locked at least as long as its own minimum turn on/off
time. Therefore the SmartBox should be reset at stable nominal frequency. While the two condi-
tions above are ensured, the contingency is triggered by changing the load manually. The con-
tingency kicks in after 12 seconds pre-trigger time.
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5. Results and Discussion

5.1 Results demonstration

In this part, the result analysis and data collection method will be demonstrated. The simulation
result of scenario ‘7.5% demand increasing; 2.5% DFR penetration level’ will be presented as
an instance. System frequency analysis is the highlight in this project. The following figure
shows the track of system frequency of the scenario.
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Figure 19 — System frequency curve of the scenario

Using the graphic tracer, the specific parameters can be read from the figure. In primary fre-
quency control, the maximum instantaneous frequency deviation reflects the quality. In this sce-
nario, we get Afmax = 144mHz at 17.822s. The same process repeats 5 times. A mean fre-
quency deviation is calculated to eliminate the error. Generally, there is only £1mHz variation of
5 times simulations for each scenario. Such variation is supposed to be caused by minor oscilla-
tion in initial frequency. Just like in Figure 19, the frequency rises from 49.997Hz to 50Hz during
the pre-trigger period.

The reaction mechanism of heat pump reserve has been introduced in section 3.4. To prove the
mechanism operating normally, several parameters are fully monitored. For heat pump reserves
controlled by logic type |, breakers’ switching on/off condition and each group’s house air tem-
perature are observed.
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Figure 20 — Breakers statues and house air temperature
Figure ZU assembles the action of breakers and the corresponding house air temperature trend.
A comparison between breakers actions and the system frequency can be made when we try to
verify the mechanism of type | DFR control. The behavior of hardware — SmartBox, will be de-
liberated in the discussion part in particularly. It is quite clear that the house air temperature
drops in the corresponding breaker turned off period. In theory, if the heat pumps are turned off
by DFR mechanism for 180 seconds, then the controlling device will automatically turn it on.
The customer satisfaction will be discussed. But in this project, the frequency recovery is too
fast to keep the breakers turned off more than 180 seconds. The air temperature just fluctuates
slightly in the normal range. Therefore the temperature change in type | control is not a neces-
sary point.

Figure 21 assembles the house air temperature trend and the temperature set point offset of
heat pump controlled by logic type Il. As clarified in section 3.3, the offset is proportional to fre-
quency deviation. That is the reason that the offset curve has the same shape as frequency
curve. From the temperature graphic, we can verify that how the offset affects the heat pump
operation. On contrast to DFR with type | control logic, the effectiveness of type Il control is
closely related to heat pump temperature. Therefore the temperature change will be one high-
light to discuss.
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Figure 21 — Offset and house air temperature
2.4 rrequericy reguiauor eilcacy

The simulated system frequency results are presented in 6 groups based on contingency ratios
in Figure 22 to Figure 27.
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Figure 22 — System frequency with 2.5% demand increasing
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Figure 23 — System frequency with 5.0% demand increasing
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Figure 25 — System frequency with 2.5% demand decreasing
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Figure 26 — System frequency with 5.0% demand decreasing
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Figure 27 — System frequency with 7.5% demand decreasing
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I ne data derived from the simulation results are elaborated In order to extract the most interest-
ing information. To study the frequency regulation efficacy of heat pump reserve, the maximum

instantaneous frequency deviation and corresponding observation time are mostly concerned.
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Figure 28 — Frequency histogram of demand increasing scenarios
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Figure 28 gives a visualized expression on the efficacy of heat pump DFR from frequency devi-
ation aspect. The Bornholm system with heat pump DFR has an obviously smaller frequency

deviation when dealing with demand increasing. For instance, when dealing with 5% demand

increasing, the frequency deviation is reduced from 114mHz to 104mHz, 98mHz and 85mHz
respectively by 2.5%, 5.0% and 7.5% DFR penetration. Though slight disturbance such as 2.5%
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in the figure above seems like an exception. This phenomenon will be discussed in section
5.3.3. In theory, for a specific contingency, a larger DFR penetration level brings smaller fre-
quency deviation. This is proved by most simulation cases, but not the ‘7.5% DFR; +7.5% de-
mand’ case in the figure above. It is related to oscillation caused by reconnection of type | logic
controlled heat pumps. It will be focused in section 5.3.4.
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Figure 29 — Frequency histogram of demand decreasing scenarios

Quite similar to the last figure, Figure 29 proves that heat pump DFR is effective on regulating
frequency deviation with demand decreasing contingencies. It is worthy emphasizing that only
type Il logic controlled heat pumps played a role in these scenarios. Same to the increasing
part, the DFR’s omission on slight disturbance will be discussed in section 5.3.4. In spite of it,
the Bornholm system with heat pump DFR has an obviously smaller frequency deviation when
dealing with demand decreasing. For instance, when dealing with 7.5% demand decreasing, the
frequency deviation is reduced from 174mHz to 165mHz, 158mHz and 152mHz respectively by
2.5%, 5.0% and 7.5% DFR penetration.
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Figure 30 — Frequency deviation observation time versus penetration levels

Figure 30 shows the trend of observation time versus penetration levels. As mentioned above,
the oscillation caused by reconnection of type | logic controlled heat pumps make the result of
scenario 7.5% contingency ratio; 7.5% penetration level’ quite abnormal, so does it on observa-
tion time aspect. If we eliminate that point temporarily, the trend of observation time is quite
clear. In general, for a specific contingency, larger DFR penetration level makes shorter obser-
vation time.

5.3 Specific discussions
5.3.1 Introduction

Section 5.2 verifies the efficacy of heat pump DFR. In this part, hardware-in-the-loop perfor-
mance is focused. Some specific cases which bring contradiction to the general conclusion will
be further investigated. The advantage and weakness of heat pump DFR can be clarified
through these specific discussions.

5.3.2 Hardware-in-the-loop test performance

The performance of hardware in the loop test is mainly analyzed through the actions of virtual
control object — breaker 1. As introduced in section 3.3, the disconnection set point of breaker 1
is 49.90Hz. Compared to other virtual breakers in the system, an action lag of breaker 1 is no-
ticeable.

The scenarios with 7.5% contingency ratio present that point quite clearly.

Table 9 — Disconnection time details of breakers in 7.5% contingency

Penetration level f reaches 49.90Hz Breaker 1 dis- Breaker 2 discon-
connection time nection time
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2.5% 13.180 second 13.889 second 13.333 second
5.0% 13.552 second 14.167 second 13.889 second

7.5% 13.730 second 14.333 second 14.106 second

A common phenomenon is observed which the disconnection time of breaker 1 is later than that
of breaker 2. It is not theoretically interpretable in control logic since the frequency reaches
49.90Hz earlier than 49.91 Hz. In fact, the signal transmission between SmartBox and RTDS
simulator leads to such a time delay. According to the results, the lag range is approximately
from 0.58 to 0.72 seconds. This is inevitable.

When it comes to primary frequency control, a demand frequency reserve is requested to re-
spond quickly. A serious time delay could weaken the regulation efficacy. To test whether the
SmartBox is qualified, an extra simulation case is added. It is based on the scenario ‘5% de-
mand increasing; 2.5% DFR penetration level'. In the original case, type | and type Il DFR co-
operate to regulate the system frequency. In type | control process, only breaker 1 is discon-
nected due to frequency decreasing. The additional case aims to investigate how the frequency
quality changes without hardware controlled DFR. So the breaker 1 is locked on in the simula-
tion while only type Il logic controlled DFR functions.
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Figure 31 — Frequency comparison

The blue curve in the figure above shows the frequency trend of this additional case without
hardware controller. Compared to the red curve — original frequency trend, the maximum devia-
tion is larger which suggests worse frequency regulation efficacy. In other words, it proves that
the hardware controller succeed in carrying out the type | control logic for heat pump DFR.

5.3.3 Heat pump DFR responding to slight disturbance

Simulation results demonstrate a phenomenon that the heat pump DFR cannot respond to
slight disturbance, for instance 2.5% demand change. This is actually incomprehensive due to
the mechanism of type Il control. The scenario with 2.5% load decreasing and 7.5% DFR pene-
tration level is analyzed as sample.

Hardware-in-the-loop Test for Demand as Frequency Controlled Reserve 34



Figure 32 assembles the house air temperature trend and the temperature offset. The largest
offset 1.18 °C occurs at the maximum frequency deviation. At that moment, for all the three heat
pump groups, their temperature stands inside the offset. Therefore none of them responds to
the frequency deviation. Thus the DFR mechanism seems to be out of work. To verify it, an ad-
ditional simulation is designed. The initial state of heat pump group C is changed to ‘19.8 °C,
turned off’. The heat pump group C is supposed to be turned on responding to the frequency
deviation. Figure 33 and Figure 34 shows the simulation result.
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Figure 32 — Original offset and house air temperature
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Figure 33 — Additional simulation results
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Figure 34 — Additional simulation frequency result

The result confirmed the analysis above. Heat pump group C responds to the frequency devia-
tion and carries out as DFR. The max frequency deviation is reduced from 50.056Hz in original
scenario to 50.041Hz. This phenomenon demonstrates that adequate diversification of heat
pump initial state could be an important condition, though it brings extra load to simulator. In the
point of view of appliances, it reduces the probability of excessive wear outs since only few heat
pumps are activated.

5.3.4 High penetration level oscillation

When the penetration level is high, the reconnection of heat pump type | logic controlled DFR
could be regarded as considerable disturbance. It is like a ‘return energy’. That is because heat
pumps with the same set point will reconnect to the system simultaneously. Unlike type I, type Il
logic reconnects demand more smoothly. It is due to the continuous change of offset and dis-
crete states of heat pumps. One effective method to solve this problem is setting reconnection
hysteresis. The frequency decreases rapidly thus the breakers switching off in a short period.
Owning to that, if appropriate reconnection hysteresis can be set to breakers, simultaneous re-
connection of many heat pumps can be prevented. Such design benefits from the advantage of
heat pumps — shortly disconnection, even with dozens seconds of reconnection hysteresis,
bringing limited disturbance to appliances and customer satisfaction.

5.3.5 FCR requirements discussion

The results and discussions above prove that heat pump DFR is valid on frequency regulation.
Now we look back to the FCR minimum technique requirements.

e Maximum combined effect of inherent Frequency Response Insensitivity and possible
intentional Frequency Response Dead band of the governor of the FCR is no larger
than 10mHz

e FCR full activation time is no more than 30s after the frequency is outside the standard
frequency range

e FCR full activation deviation is no more than +500mHz
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From the results we can see that the second and third requirement are completely fulfilled by
heat pump DFR. The full activation time is typically no later than 4.0 second after the frequency
is outside the standard range. The full activation deviation is -150mHz and OHz s designed.

In section 5.3.3, the additional simulation indicates that if there are large numbers of heat
pumps distributed uniformly in the temperature range, the type Il control doesn’t have such a
dead band. Therefore, this requirement is predictable fulfilled in reality.
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6. Conclusion

In this project, the efficacy of heat pumps as Demand frequency reserve is tested. Heat pump
models are installed in Bornholm system model in RTDS. Hardware-in-the-loop test are carried
out with SmartBox. Two control logics are applied to heat pump models. The network code from
Entos-e is use as the standard to evaluate the results.

The result shows that heat pump is qualified as demand frequency reserve. It provides primary
frequency control service without degrading the customer comfort. Nevertheless, high penetra-
tion level if type | logic controlled DFR may lead to oscillation due to ‘return energy’. This project
provides suggestions on this issue but no specific solution. That could be a future perspective.
The sensitivity of heat pump DFR is proved by additional simulations and expound the viewpoint
that diversification of type Il heat pump initial value is quite important to the DFR quality. At last,
the simulation results are evaluated with FCR minimum technique requirements from network
code on load — frequency control. The heat pump demand frequency reserve is qualified as fre-
quency containment reserve in Nordic power system.
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