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1Abstract— This paper presents a dynamic model of a variable 

speed heat pump (VSHP) in a commercial building that responds 

to direct load control (DLC) signals, updated every 4 seconds, for 

the improvement of grid frequency regulation (GFR). The model 

is simplified for real-time simulation studies with the time 

horizon ranging from seconds to hours, but still sufficiently 

comprehensive to analyze the operational characteristics such as 

the heat rate and coefficient of performance. A variable speed 

drive-controlled induction motor model is also established for the 

adjustment of the VSHP input power. A dynamic model of an 

experimental room is then developed to estimate the effect of the 

DLC application to the VSHP on its indoor air temperature for 

two different cooling systems. Furthermore, small signal analysis 

is performed to evaluate both the transient response of the DLC-

enabled VSHP and its contribution to GFR. Finally, with an 

isolated microgrid implemented with MATLAB/SIMULINK, simula-

tion studies demonstrate that the VSHP can be effectively 

exploited as the DLC-enabled load while still ensuring building 

occupant comfort and long-term device performance. 

 

Index Terms—building occupant comfort, direct load control 

(DLC), grid frequency regulation (GFR), indoor air temperature, 

long-term device performance, small signal analysis, variable 

speed heat pump (VSHP).  
 

 

NOMENCLATURE 
 

The main notations used throughout this paper are summa-

rized here. A subscript of hp or HP represents individual or 

aggregated variable speed heat pumps, respectively. Further-

more, a subscript of 0 is used for steady-state variables. 
  

A. Acronyms: 

DLC direct load control 

ETP equivalent thermal parameter 

FRR frequency regulation reserve 

GFR grid frequency regulation 

HPWH heat pump water heater 

IM induction motor 

LFC load frequency control 
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PFC primary frequency control 

PTC Power/Temperature Controller 

SCU space conditioning unit 

SFC secondary frequency control 

TABS thermally activated building system 

VSD variable speed drive 

VSHP variable speed heat pump 

 

B. Set: 
 

t, s time and frequency domain 

ref, rated, peak subscript for reference, rated, and peak values 

 

C. Variable Speed Heat Pump: 

Php VSHP input power 

Pm compressor mechanical power 

Tc_amb  condenser ambient temperature 

Te_air   evaporator air temperature 

Qhp, COP heat rate and coefficient of performance 

PT_ref , QT_ref , 

ωT_ref 

scheduled reference input power, heat rate, 

and shaft speed for Tair control 

ωhp_ref, ωr reference and actual shaft speeds  

ΔωP_ref, ΔωT_ref  reference incremental speeds for Php and Tair 

control 

 

D. Experimental Building Room: 

Tair, Tadj, Tout indoor air temperature, adjacent room 

temperature, and outdoor temperature 

Tset indoor air temperature set by occupants 

TH1, TH2, TL1, 

TL2  

max. and min. limits of an acceptable 

temperature range with a deadband of 0.5 
o
C  

Qs, Qig solar radiation and internal heat load 

C thermal capacitance 

Rcd, Rcv conductive and convective thermal resistance 

L, A thickness and area of room surfaces 

cshc, ρ specific heat capacity and density of surfaces 

k, h conductive and convective heat transfer 

coefficients 
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ew, iw, win, c,   

T, f, air 

subscripts for external wall, internal wall, 

window, ceiling, TABS, floor, and indoor air 

 

E. Variable Speed Drive-Controlled Induction Motor:  

Tinv, kinv variable speed drive time lag and gain 

Dhp_ref variable speed drive reference duty ratio  

Ta, ka induction motor electrical time lag and gain 

Te, Tm electromagnetic and mechanical torques 

Ls, Rs stator self-inductance and resistance 

Lr, Rr rotor self-inductance and resistance 

Lm magnetizing inductance 

J, B moment of inertia and frictional coefficient 

P number of pole pairs 

λds, λqs, λdr, λqr  d-q axis stator and rotor flux linkages in the 

synchronous rotating frame 

vds, vqs, ids, iqs  d-q axis stator voltages and currents  

idr, iqr  d-q axis rotor currents  

vdc, idc variable speed drive DC voltage and current  

iabc induction motor three-phase input currents  

ωs, ωsl synchronous and slip frequencies 

kp, ki variable speed drive PI controller gains 

kω(s) compressor load characteristics 

 p differential operator, d/dt 

 

F. Test Distribution Grid: 

M, D moment of inertia and load-damping constant 

Pg, Ig PI controller gains for generators 

RG, RHP droop constants for generators and VSHPs 

Tg, Tt, THP time constants of governors, turbines, and 

VSHPs 

ΔPG, ΔPL, 

ΔPHP, ΔPPV 

incremental power of generators, loads, 

VSHPs, and photovoltaic systems 

ΔPG_max difference between max. and min. total ΔPG 

Pbuilding_max building maximum power consumption 

α1-5, αHP participation factors of generators and VSHPs 

 f grid frequency 

Δω, Δfrms frequency deviation in the unit of pu and Hz 

 r, x   transformer resistance and reactance 

tsampling sampling time of Δω 

td 4-second time delay  

m index of generators 

n index of grid frequency samples 

N total number of grid frequency samples 

I. INTRODUCTION 

 

RID frequency regulation (GFR) has the intention of 

maintaining instantaneous balance between generation 

and load demand. It has been successfully undertaken at 

traditional generators such as coal burning, combined cycle, 

and hydroelectric units. However, the frequency excursion of 

0.1 Hz has been caused by progressively smaller power 

disturbance over the last few decades [1]. In addition, the 

number of larger and longer-lasting frequency excursions has 

continuously increased even in large-scale grids such as the 

Eastern Interconnection of the United States [2]. In fact, the 

instantaneous balance has been more difficult to achieve 

mainly due to the increases in the penetration levels of 

renewable energy resources and the usages of constant power 

loads [3], [4]. The frequency instability might be more severe 

in smaller isolated grids where the moment of inertia of 

generation units and load damping are not sufficiently large. 

Consequently, conventional generation units are required to 

respond excessively to grid operators' commands, resulting in 

higher mechanical stress as well as a higher level of minimum 

acceptable frequency regulation reserve (FRR) capacity.  

Direct load control (DLC) has been widely considered as a 

means of providing GFR ancillary services for financial and 

operational benefits to grid operators, load-serving entities, 

and electricity consumers [5], [6]. In particular, as communi-

cation with commercial buildings is possible via the Internet, 

they have been utilized as intermediate aggregators to monitor 

the individual loads of internally located households for DLC 

applications. Furthermore, the commercial buildings them-

selves may be regarded as end-consumers with relatively large 

loads, most of which are controllable under the supervision of 

a central load dispatching center or local control centers [7]. 

As an example, the power consumption of space conditioning 

units (SCUs) for ventilation, space cooling/heating, and water 

heating has been actively modulated over time in response to 

DLC signals [8]–[11]. In fact, commercial buildings consumed 

more than 35% of the total electricity in the US in 2010 [12]. 

The SCUs represent about 30% of electricity usage in 

commercial buildings, and are major drivers of summer peak 

loads [13]. Therefore, the DLC application to the SCUs may 

have significant potential to improve frequency stability. 

The direct controls of the SCUs to reduce grid frequency 

deviation and minimum acceptable capacity of FRR have been 

widely studied [14]–[23]. For instance, a variety of input 

power control logics, mainly based on the probability 

distribution functions in [14] and [15] or the first-order 

differential equations in [16] and [17], are proposed for 

different types of aggregated SCUs to make reliable 

contributions to primary (PFC) or secondary frequency control 

(SFC). A specific load controller is also designed in [18] for 

the heat exchanges between water heaters and hydrogen 

systems that compensate wind turbine power fluctuation. 

Furthermore, in [19], the transfer function of the lumped heat 

pump water heater (HPWH) model is described for a 

supplementary load frequency control (LFC), although it only 

reflects the response time of the induction motors in the 

G 
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HPWHs. In terms of thermal load capacities, an equivalent 

thermal parameter (ETP) model is used to evaluate the indoor 

air temperature variation due to a frequency-responsive space 

heating unit in [20], and especially with consideration of 

several device constraints in [21]. In [22], a simplified ETP 

model is also adopted for the analysis of temperature 

behaviors inside DLC-enabled refrigerators. In [23], the 

detailed thermal dynamics of an electric water heater are 

presented for the provision of minute-by-minute power 

regulation service. These papers consider the on-off cycle of 

small-size SCUs, which are used in residential buildings. 

Therefore, the dynamic characteristics of the physical devices 

in the SCUs, such as heat exchangers and thermostat 

controllers, as well as their transient responses to DLC signals, 

would not be required for the real-time GFR analysis.  

DLC-enabled fans and chillers in commercial buildings 

have recently been analyzed [8]–[11]; however the transient 

variations in both the input power and heat rate need to be 

further investigated. For example, in [8], the input and output 

characteristics of the air supply fan are described without 

considering the duct pressure dynamics. In [9], a linearized 

autoregressive model of a fan, which was obtained from a 

specific experimental dataset, shows a relatively large 

discrepancy between the measured and calculated fan power 

consumption, especially during the transient periods. In [10] 

and [11], the response times and efficiencies of the fan or 

chiller models, which directly affect the input power variation, 

were assumed to be constant, regardless of the steady-state 

operating conditions. This may explain why the real-time GFR 

was not successfully implemented in [11]. In addition, the 

ETP models would not be appropriate for an analysis of the 

thermal characteristics of a commercial building room [20], 

and hence the occupant thermal comfort may have to be taken 

into account more carefully. 

The heat pump (HP) compressors have evolved from single 

speed to variable speed units, which have noticeably increased 

the efficiency and market share of variable speed heat pumps 

(VSHPs) [24]. Therefore, as an example of the SCUs, this 

paper presents a dynamic model of the DLC-enabled VSHP 

that is simplified for real-time simulation studies but still 

sufficiently comprehensive to consider the operational 

characteristics of the VSHP. Its steady-state and transient 

responses are presented with respect to the compressor 

mechanical power and heat rate, based on a set of complicated 

nonlinear differential equations derived in [25] and [26]. A 

variable speed drive (VSD)-controlled induction motor (IM) is 

also modeled for the active adjustment of the mechanical 

power in response to the DLC signals. In addition, the 

dynamic thermal models of an experimental room equipped 

with two different cooling systems are established to estimate 

the indoor air temperatures for the conventional and DLC-

enabled VSHPs. Furthermore, small signal analysis is 

developed with the transfer function of the VSD-controlled 

VSHP to address the feasibility and effectiveness of the DLC 

application in a device- and a grid-level, respectively. Finally, 

simulation studies are performed in MATLAB/SIMULINK to 

evaluate the effects of the DLC-enabled VSHP not only on 

building occupant comfort and long-term device performance 

but also on frequency deviation and FRR capacity.  

 

II. MODELING OF A DLC-ENABLED VSHP  

A. Dynamic Model of a VSHP  

 

 

 

 

 

 

 

 

 
 

Fig. 1. Schematic diagram of a heat pump cooling cycle 

 

As shown in Fig. 1, the main parts of a VSHP are an 

evaporator, a compressor, a condenser, and an expansion 

valve. In detail, the evaporator exchanges the heat between the 

air or water to be cooled and a refrigerant used as a working 

fluid. After the compressor raises the refrigerant temperature 

and pressure, the heat collected in both the evaporator and the 

compressor is removed from the refrigerant to the ambient air 

through the condenser. In the VSHP model, the input variables 

are defined as shaft speed ωr, condenser ambient temperature 

Tc_amb, and evaporator air temperature Te_air. Note that only ωr 

is actively controllable. The output variables are compressor 

mechanical power Pm and heat rate Qhp. In addition, the VSHP 

performance is evaluated using the coefficient of performance 

COP, defined as the ratio of Qhp to Pm. The opening position 

of the expansion valve is assumed to be instantaneously 

controlled for the same refrigerant flow rates at the inlet and 

outlet of the heat exchangers. Furthermore, the fan power 

consumption is neglected since the majority of VSHP input 

power is generally used for the compression.   

The input and output characteristics of the VSHP, in both 

transient and steady state operation, were then extracted from 

the coupled nonlinear differential equations presented in [25] 

and [26], which were based on the mass, momentum, and 

energy balances of the refrigerant flowing through a heat 

exchanger tube. Since the balances are achieved for all types 

of VSHPs, the generic model described in this paper may 

provide a basis for modeling such VSHPs. It should be noted 

that the differential equations have been experimentally 

verified in [25] and [26], particularly in terms of the long-term 

variations of the refrigerant temperatures. 

In a steady state, where the variables are expressed with an 

additional subscript of 0, Pm0 is almost linearly dependent on 

ωr0, Tc_amb0, and Te_air0 as shown in Fig. 2(a)–(c), respectively, 

which results in 
 

               (1) 

 

The coefficients kω, kc, ke, and koffset are determined using a 

multiple polynomial regressive algorithm that is applied to 

2210 different combinations of the input variables over the 

0 0 _ 0 _ 0 .m r c c amb e e air offsetP k k T k T k   
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Fig. 2. Steady-state response of the VSHP model with respect to (a) Pm0 and 

ωr0, (b) Pm0 and Tc_amb0, (c) Pm0 and Te_air0, and (d) COP0
-1 and Qhp0 
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Fig. 3. Transient response of the VSHP model: ΔPm(t) for the step increase in 

(a) Δωr(t), (b) ΔTc_amb(t) (blue dotted line) or ΔTe_air(t) (black line) 

operating range, i.e, from ωr0 = 70 rad/sec to 150 rad/sec, from 

Tc_amb0 = 18 
o
C to 36 

o
C, and from Te_air0 = 10 

o
C to 34 

o
C. The 

linear dependence in (1) is consistent with the specification or 

experimental data of the commercial VSHPs considered in 

[27]–[29]. Furthermore, Fig. 2(d) represents the steady-state 

performance map of the VSHP model, which describes the 

COP variation for normalized Qhp0. It is similarly observed in 

the performance map of the VSHP model that is experimen-

tally verified in [30]. 

In addition, for the transient response analysis, Fig. 3 shows 

the mechanical power variation ΔPm(t) resulting from the step 

increase in the value of each input variable, i.e., for Δωr(t=0
+
) 

= 1 rad/sec, ΔTc_amb(t=0
+
) = 1 

o
C, or ΔTe_air(t=0

+
) = 1 

o
C, for 

different steady-state operating conditions. In the frequency 

domain, ΔPm(s) can then be approximated by the second-order 

transfer function of Δωr(s) and the first-order transfer 

functions of ΔTc_amb(s) and ΔTe_air(s). Since the time constants 

of the first-order transfer functions are much longer than 2 to 4 

seconds when the DLC signals are expected to be updated, 

ΔPm(s) can be simplified to  
 

 

                                                                            (2) 

 
 

where the four coefficients dω1, dω0, nω1, and nω0 depend on the 

input variable values in a steady state, and hence are estimated 

using the polynomial regression algorithm discussed in the 

steady-state analysis above. In Fig. 3(a), almost no difference 

can be seen between the original and the fitted curves.  

Finally, the time variation of the mechanical power Pm(t) = 

Pm0+ΔPm(t) can be modeled using (1) and (2), rather than the 

nonlinear differential equations, with a substantial reduction of 

simulation time. Similarly, the steady-state and transient heat 

rate for Qhp(t) = Qhp0+ΔQhp(t) can be expressed in the same 

form as (1) and (2), respectively, with different coefficient 

values, which consequently determines the COP in real-time. 
 

B. Dynamic Model of a VSD-controlled IM  

For the continuous adjustment of ωr in response to DLC 

signals, a VSD-controlled squirrel cage IM is modeled using 

an indirect torque controller with a constant rotor flux linkage 

[31]. Different motors and controllers may be used depending 

on the compressor type, size, and manufacturer; however ωr 

can be controlled in a similar manner. The rated power and 

phase voltage of the IM are 25 kW and 460 V, respectively. 

The 3-phase input currents iabc of the IM are sensed and then 

transformed into the d-q axis currents ids and iqs. As discussed 

in Section III-A, the iqs is changed to control the electro-

magnetic torque Te and consequently the ωr, while the ids is 

maintained as constant. To reduce system complexity and 

simulation time, the VSD is modeled with ideal voltage 

sources so that it operates as a hysteresis current-controlled 

voltage source inverter.  

The speed change rate limit of a VSD-controlled motor is 

often chosen to prevent input over-current and DC link over-

voltage during speed acceleration and deceleration, respect-

ively. After applying arbitrary ramp rate limits of 5, 10, 20, 

1 0

2

1 0

( ) ( )m r

n s n
P s s

s d s d

 

 




  
 

(a) (b) 

(c) (d) 
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and 40 rad/sec/sec to the VSD-controlled VSHP model, none 

of the limits caused the current or voltage problems. In this 

paper, the rate limit was selected as 20 rad/sec/sec and equi-

valently as 9.2 sec/60 Hz in acceleration/deceleration time, 

which is comparable with those set by default in commercial 

VSHPs, ranging from 5.3 sec/60 Hz to 19.8 sec/60 Hz [32]–[35]. 

 

C. Dynamic Model of an Experimental Building Room 

The primary objective of the VSHP is the room temperature 

control against outdoor temperature and internal heat gains or 

losses. A dynamic room model is developed to compare the 

indoor air temperatures controlled by the conventional and 

DLC-enabled VSHPs, based on the experimental room 

thoroughly described in [36] and [37]. Briefly, as shown in 

Fig. 4, it is divided into a climate room and a test room, both 

within a larger laboratory room where indoor temperature is 

maintained as almost constant. The walls consist of multiple 

layers of different materials including concrete, and the floor 

comprises a thermally activated building system (TABS), 

where the cooling water flows through the pipes embedded 

into a subfloor. The test room has lights and heat sources that 

simulate internal heat gains for a common office room. 

A thermal network for the experimental room is modeled 

with MATLAB/SIMULINK using the analogy between thermal 

and electrical systems [38], [39]. In the analogy, thermal 

parameters such as thermal resistance and capacitance as well 

as local thermal conditions like temperature and heat gain are, 

respectively, converted to electrical circuit components such 

as resistors, capacitors, and voltage and current sources. Fig. 

5(a) shows the corresponding network with a convection 

cooling system. The usage of the TABS for space cooling 

leads to the network modification as represented in Fig. 5(b). 

With the parameters provided in [37], the values of the 

conductive and convective thermal resistance Rcd and Rcv, resp- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 4. Experimental room setup 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 

Fig. 5. Thermal networks for the experimental room equipped with different 

space cooling systems: (a) convection and (b) TABS 

 

ectively, as well as the thermal capacitance C are given as 

 

                                                                                           (3) 
 

where the L and A are the thickness and area of the room 

surfaces and the ρ and cshc are the density and specific heat 

capacity of the surface materials, respectively. Furthermore, 

the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. A simplified schematic diagram of the VSD-controlled VSHP model for the DLC signal response and indoor air temperature control 

(a) 

(b) 

   
1 1
,    ,    and   cd cv shcR L k A R h A C c L A 

 
        
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the k and h are the conductive and convective heat transfer 

coefficients. In the thermal network modeling, it is assumed 

that the ceiling, external wall, and window receive the heat 

gains, proportional to their respective areas, from the solar 

radiation Qs for the same outdoor ambient temperature Tout. 

The h is set to 5 W/m
2
K, regardless of the surface character-

istics, although all the convective resistors are simply denoted 

as Rcv. In addition, the combined internal heat load Qig is 

assumed to come equally from convective and radiative heat 

loads. Finally, the adjacent room temperature Tadj is set to 

constant 23 
o
C, which is the average temperature in the larger 

laboratory room.  

 

D. Overall Dynamic Model of a DLC-enabled VSHP  

 All the previous models are combined for the analysis of the 

grid frequency and indoor air temperature controls. Fig. 6 

shows the overall dynamic model of the VSD-controlled 

VSHP responding to the DLC signal ΔPhp_ref for TL2 ≤ Tair ≤ TH2. 

To enable the DLC, the upper feedback loop in the Power/ 

Temperature Controller (PTC) is activated to generate the 

ΔωP_ref. A moving average filter is used to maintain its long-

term average as close to 0 in order not to disturb Tair. In other 

words, its short-term variation does not significantly change 

Tair due to the large thermal capacity of the concrete walls and 

floors. For the control of Tair, the steady-state reference ωT_ref 

is assumed to be scheduled based on weather forecasts one 

day in advance. The lower feedback loop in the PTC is 

activated to override the DLC for Tair > TH2 or Tair < TL2 due 

to, for example, errors in the weather forecast or unexpected 

changes of Qig. During the override period, or the period in 

which the VSHP operates at the maximum or minimum level 

of input power, other DLC-enabled building loads, such as 

electric vehicle batteries, may be used to compensate ΔPhp_ref, 

as explained in [40]. Coordinated control of the DLC-enabled 

loads may be a potential method of overcoming the limits of 

the thermal or electrical energy storage capacities and hence 

reducing the occurrence of the override control, although this 

is not further investigated here. 

 

III. SMALL SIGNAL ANALYSIS OF DLC-ENABLED VSHPS 

A. Input Power Control of the VSD-controlled VSHP  

 

 

 

 

 

 

 

 

 

 

 
Fig. 7. Block diagram for the small-signal frequency-domain analysis of the 

VSD-controlled IM connected to the VSHP compressor   
 

Fig. 7 presents the small-signal frequency-domain model of 

the vector-controlled IM with a constant rotor flux linkage λr 

in the synchronous rotating reference frame. In [31] and [41], 

the basic equations and corresponding parameters are provided 

for the block diagram in detail. First of all, using the flux-

current relationships described in (4), the q-axis stator voltage 

vqs is developed as (5). 
 

 

(4) 

 
 

 

(5) 

 

 
 

If the rotor flux is placed on the d-axis, i.e., λdr = λr and λqr = 0, 

the dq-axis rotor currents idr and iqr are simplified to 

 

(6) 

 

In the field-oriented control, the rotor current is aligned with 

the orthogonal axis of λr for effective torque production, which 

results in λr = Lm·ids. Consequently, vqs is expressed as  
 

(7) 
 

where  

(8) 

 
 

(9) 
 

If the VSD power loss is negligible or constant, so that 
 

(10) 

 

the input power variation ΔPhp of the VSHP is then established 

in the frequency domain as (11) with vds set to zero and Δvqs 

expressed as (12).  

 

(11) 

 
(12) 

 

From (7), the Δiqs is derived in the frequency domain as  

 

(13) 

 
where aaaaaaaaaaaaaaaaaaaaaaaaa The time constants Tinv and 

Ta of the VSD and IM electrical parts, respectively, are 

normally small, which leads to Δiqs_ref ≈ Δiqs, and hence the 

electromagnetic torque variation ΔTe is given as  

  
(14) 

 
where aaaaaaaaaaaaaaaa   In addition, Δωr is approximated by  

  
(15) 

  0 0 0 03 3hp qs a a qs qs ds qs s rP i R sL v i i i L      
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Consequently, the closed-loop transfer function is 

 
 

(16) 

 

 
 

where 
 

(17)                     

 

It is implied from (16) that the input power of the VSD-

controlled IM can be actively controlled to follow the DLC 

signals by using appropriately large PI controller gains. This 

can be generally applied to VSHPs with different compressor 

characteristics kω(s), although kω(s) affects the variation of ωr. 

Fig. 8 represents the step response of the VSD-controlled 

VSHP model, which operates at ωr0 = 100 rad/sec, Tc_amb0 = 15 
o
C, and Te_air0 = 26 

o
C, to a 10-W increase in the DLC signal, 

i.e., ΔPhp_ref (t=0.05
+
) = 10 W. Although the peak values and 

settling time of ΔPhp depend on the steady-state operation, Fig. 

8 shows that the VSD-controlled IM can respond within a 

short period of time so that ΔPhp is adjusted to follow ΔPhp_ref 

after approximately 0.05 seconds for the 10-W step variation. 
 

  

 

 

 

 

 

 

 

 
Fig. 8. Step response of the VSD-controlled VSHP to ΔPhp_ref (t=0.05+) =10 W 
 

 

B. Contribution of the DLC-enabled VSHPs to GFR  

 

 

 

 

 

 

 

 

 

 
Fig. 9. Block diagram for the small-signal frequency-domain analysis of the 

proposed GFR in an isolated grid with a number of DLC-enabled VSHPs 

 

Fig. 9 shows the simplified block diagram for the GFR in an 

isolated power grid including a number of the DLC-enabled 

VSHPs, denoted by HP in the subscript of the corresponding 

variables. The following conditions are considered to develop 

the small signal analysis of the proposed GFR: 

 The GFR is achieved by adjusting the power generation and 

consumption of generators and VSHPs according to the 

reference signals ΔPG_ref and ΔPHP_ref, respectively.  

 The reference signals consist of two components, which 

correspond to PFC and SFC. One is produced at the loca-

tions where the individual units are connected to the grid. 

The other is centrally generated and distributed from a grid 

operator to central or local load dispatching centers through 

communications links to shift the grid frequency deviation 

Δω toward zero.  

 The total accumulated dynamic response of the generators is 

represented by the second-order transfer function [42]. 

 The first-order response of the accumulated VSHPs, which 

are distributed over a wide range of locations, is attributed 

to random time delays in the communications links [43], [44].  

 The PI controllers are commonly adopted for the SFC in 

real power grids [45]. 

 The VSHPs and the generators are controlled by the same PI 

controller with the different output ratios of αHP and 1-αHP, 

respectively. The usage of separate controllers does not 

significantly change the following analysis. 

 Due to the inherent characteristics of the rotary pumps 

similar to the generators, the VSHPs contribute to the SFC 

in the similar, relatively low, frequency range. 

 In response to the load demand variation ΔPL, the Δω is 

then represented as  

 

                           (18) 

 

where 

 

(19) 

 

 

 

(20) 

 
 

It is described in (18)–(20) that Δω is reduced mainly by the 

supplementary PFC, characterized by the droop constant RHP 

in (19), of the DLC-enabled VSHPs. Furthermore, since they 

are capable of responding faster than conventional generators, 

Δω is additionally decreased by the SFC, i.e., for the case of 

αHP > 0, as implied in (20). The reduction of Δω is also 

explained with (21), which shows the increases in both the 

total inertia and load damping constants M and D, respect-

ively, as follows:  
 

 

  (21) 

 
 

where abcabcdfgdefghijklmnopqrs  tuIt indicates that the 

VSHPs contribute to the increases in M and D with time 

delays, especially in the low-frequency region. Based on (21), 

Fig. 10 compares the Bode plots of the open-loop transfer 

functions 1/(Ms+D) and 1/(M's + D' ) in the conventional and 

proposed GFR methods, respectively, with respect to αHP. It 

consistently shows that the VSHPs can effectively reduce Δω 

arising from the imbalance between ΔPG and ΔPL, especially 

for s less than the cut-off frequency sc = j|D' / M'|. It needs to 
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be 

 

 
(a)  

 

 

 

 

 

 
(b)  

 

 

 

 
Fig. 10. Bode plot diagram of the open-loop transfer function 1/(M's +D' ) for 

the parameter values expressed in per unit 

 

be noted that D' is approximately equal to (D+1/RHP) for αHP = 

0, which mainly limits the peak values of |1/(M's + D' )| for 

αHP > 0. For s > sc, the two open-loop transfer functions 

represent the same characteristics, regardless of αHP, as shown 

in Fig. 10(a). This implies the advantages of frequency-

responsive load devices having faster time responses, such as 

electric vehicles, in the reduction of Δω in the high-frequency 

region. 

 In addition, the dynamic response of ΔPG is given as (22), 

 
(22) 

 
 

which results in 

 
  (23) 

 
 

where ababcdvfdfdfdfdcdefghijklmnabcdfghjklopqrs  tuv   It 

is implied from (23) that the minimum required FRR capacity 

of the generators is almost linearly reduced with the increase 

in αHP, especially for the small difference between the time 

constants of the VSHPs and generators, i.e., |h(s)| << 1. In this 

paper, the minimum required FRR capacity is defined as the 

difference between the maximum and minimum values of ΔPG 

for a certain time period under no-fault grid conditions; i.e., 

grid frequency is maintained at 60 ± 0.05 Hz. Furthermore, the 

larger the |h(s)| is, the larger the ∂|ΔPG/ΔPL|/∂αHP becomes for 

smaller αHP. In other words, the VSHPs with faster time 

responses reduce a larger amount of the minimum required 

FRR capacity in their earlier adoption of the DLC.  

 

IV. CASE STUDIES AND SIMULATION RESULTS 

A. Test System and Simulation Conditions 

The input power of conventional HPs in a real test building 

at Boston University was measured with a sampling time of 1 

minute on July 21, 2012 [46]. This was linearly interpolated 

and then scaled down to match with the rated power of the 

VSHP model, i.e., 25 kW, for use as the scheduled reference 

input power PT_ref for temperature control. PT_ref was assumed 

to 

 

 
(a)  

 
 

 

 

 

 

 
(b) 

 

 

 
Fig. 11. (a) Steady-state shaft speed references ωT_ref1 and ωT_ref2, and (b) 

corresponding internal heat loads Qig1 and Qig2 

 

to vary between approximately 60% and 90% of the VSHP 

rated power over 5 hours. A scaled fraction of the correspond-

ing QT_ref was then used to control Tair in the experimental 

room, and hence its variation was assumed to have a 

negligible effect on Te_air, which was set to constant 26 
o
C. 

Two different ωT_ref schedules and corresponding Qig profiles 

for TL2≤ Tair ≤ TH2 were then decided as shown in Figs. 11(a) 

and (b), respect-ively, not only with regard to PT_ref and QT_ref 

determined above, but also to Tout and Qs obtained from [47]. 

It needs to be noted that ωT_ref is constant at least during the 1-

minute sampling time, except for the transition periods. 

As shown in Fig. 12, the DLC-enabled VSHP model was 

tested on the IEEE 34 Node Test Feeder, modified based on 

[40] and [48]–[50], whose detailed specifications are presented 

in Table I. For simplicity, it is assumed that there are two 

different types of commercial buildings according to the 

building loads including the VSHPs, whose steady-state input 

power is determined by the set of ωT_ref and Qig. The load 

demand of each type of building is then scaled up so that the 

blue points for the Bldgs1 and Bldgs2 in Fig. 12 represent a 

group of the commercial buildings having the same load 

demand profiles. 

 Finally, Fig. 14 describes a detailed block diagram of the 

proposed GFR scheme with nonlinear signal processing 

functionality. A grid operator is assumed to have the informa-

tion on the scheduled power generation and consumption of 

the DGs and VSHPs, respectively, and then determines RG, 

RHP and α1-5. For simplicity, the DLC signals ΔPHP_ref, which 

are updated every 4 seconds through the SFC, are assumed to 

be equally divided by the number of the VSHPs for |ΔPhp_ref| ≤ 

5 kW. The ΔPhp_ref represents the signals that have been passed 

through continuous low-pass filters to generate ΔωP_ref for 

individual VSHPs in 

 
 

 
 

 

 
Fig. 12. Single-line diagram of the test distribution system 
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TABLE I. DETAILED SPECIFICATIONS OF THE TEST SYSTEM 

 

 
 

 

 

 

 

 

 

 
Fig. 13. Active power of the total grid loads, excluding the VSHP loads  
 

 
 

 

 

 

 

 

 

 

 

 

 
 

Fig. 14. Block diagram of the proposed GFR for the test distribution system 

 

individual VSHPs in Bldgs1 and Bldgs2. The ΔωP_ref is then 

added to ωT_ref, as shown in Fig. 6. Note that the distributed 

generators (DGs) at the HV and LV sides compensate the 5-

minute and real-time load variations, respectively, and are 

modeled with the second-order transfer functions with the 

parameter values used in [42] and [51]. 
 

B. Simulation Results in the Experimental Room  

 As represented in Fig. 15, the DLC-enabled VSHP input 

power Php can be actively controlled in response to the 

changes in Php_ref. The fast response of the VSD-controlled 

IM, discussed in Section III-A, results in only slight diff-

erences between Php and Php_ref, especially when the VSHPs 

contribute to the GFR in the low-frequency range, as consider-

ed in Section III-B. In addition, ωr was continuously adjusted 

in the vicinity of ωT_ref, as shown in Fig. 16. Both the moment 

of inertia J and compressor characteristics kω(s) of the VSHP 

model affect the time delay between ωhp_ref and ωr, which is 

small, as described in Figs. 16(c) and (d), due to not only the 

small value of J but also the low-pass-filtered ΔPhp_ref. The 

high-frequency components of ωhp_ref were caused mainly by 

the IM input current harmonics, and were filtered out in ωr.  

Fig. 17 represents the indoor air temperatures controlled by 

the conventional and DLC-enabled VSHPs for the convection 

and TABS cooling methods. The short-term variation Δωr 

does not significantly affect the temperatures, especially for 

the TABS that includes the additional thermal capacitance in 

the subfloor. The negligible difference can be seen between 

the convection-cooled indoor temperatures, and the two curves 

for the TABS-cooled temperatures differ only imperceptibly. 

This implies that the building concrete walls and floors play 

the role of a low-pass filter with a substantial time constant.  

Furthermore, Table II lists a comparison of the 5-hour 

average values of the Php, Qhp, and COP of the conventional 

and DLC-enabled VSHPs with respect to ωT_ref. The DLC 

application does not make a significant difference in the long-

term performance of the VSHP. Consequently, the VSHPs can 

be utilized as demand response resources for the real-time 

GFR through the DLC while ensuring the building occupant 

comfort and the long-term device performance. 

 

 

 

 
(a) 

 

 

 

 

 

 

 
(b) 

 

 

 

 

 
 
 
 

(c) 

 

 

 

 

 

 

 
(d) 

 

 
 
 

Fig. 15. Input power variations of the VSHPs for (a) PT_ref1 and (b) PT_ref2 with 

(c) and (d) close-up plots for a period of 30 seconds 

DGs 
∙ HV side: Prated = 15 MW to compensate 5-minute load variation 

∙ LV side: Prated = 3.5 MW (816), 2.5MW (832), and 3.0 MW (834) 

PV 
Total Ppeak = 1 MW as the scaled-up output of the PV generators 

designed in [40] for the solar insolation from [47] 

Loads 
Balanced loads from 16.80 MW to 18.72 MW reflecting the 
scaled-up RegD signals in [48], as shown in Fig. 13 (0.85 pf lag) 

Bldgs 
Pbuilding_max = 530 kW, including Php_rated = 100 kW (25 kW4), of 

an individual building in Bldgs1 (856) or Bldgs2 (866) 

Tr 
∙ 3-phase, 115/69 kV, 25 MVA, x = 8%, x/r = 20 

∙ On-load tap changer for -10% to +10% voltage regulation  

Sh.Cs 
∙ 1.5 Mvar each for (836), (848), and (890)  

∙ 1 Mvar each for (846) and (852) 

D/Ls 
Balanced line impedances adopted from the average values of 
each line configuration in [49] 
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Fig. 16. Shaft speed variations of the VSHPs for (a) ωT_ref1 and (b) ωT_ref2 with 

(c) and (d) close-up plots for a period of 30 seconds 
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Fig. 17. Comparisons of the convection- or TABS-cooled indoor temperatures 

for the conventional and DLC-enabled VSHPs with (a) ωT_ref1 and (b) ωT_ref2 

 
TABLE II. COMPARISONS OF 5-HOUR AVERAGE OF Php, Qhp, AND COP  

VSHP Operation Php [kW] Qhp [kW] COP 

ωT_ref1 

DLC-enabled 15.04 68.72 5.62 

Conventional 15.07 68.81 5.60 

|Diff.| [%] 0.20 0.13 0.36 

ωT_ref2 

DLC-enabled 17.48 75.96 5.20 

Conventional 17.55 76.17 5.18 

|Diff.| [%] 0.40 0.28 0.39 

C. Simulation Results in the Test Distribution System  

For the analysis of the proposed GFR with respect to grid 

operation, Fig. 18(a) and (b) show the frequency deviation 

Δfrms and the maximum DG output variation ΔPG_max, respecti-

vely, for the different values of RHP and αHP. For αHP = 0, the 

DLC-enabled VSHPs contribute only to the PFC, which does 

not necessarily require communications links between grid 

operators and commercial buildings. As αHP increases, the 

conventional VSHPs are correspondingly converted to the 

DLC-enabled units contributing to the SFC while maintaining 

the same total amount of the VSHP loads for temperature 

control. The DG parameter values also remain unchanged. In 

Fig. 18(a), Δfrms is effectively reduced through the droop 

control of the VSHPs. The slight reduction is also observed 

with the increase in αHP, which implies that the response time 

of the VSHP is a little faster than those of the DGs. Fig 18(b) 

describes the linearly descending trends of ΔPG_max with the 

increase in αHP, although the synchronized load variations of 

different number of the DLC-enabled VSHPs led to the rather 

complicated results. In particular, ΔPG_max decreases by about 

15% even for αHP = 0. Fig. 18 can be consistently explained by 

the small signal analysis, which is developed based on the 

total response of the accumulated generators and VSHPs in 

Section III. 
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(b)  

 

 

 

 

 

 
Fig. 18. (a) Δfrms and (b) ΔPG_max in the test distribution system due to the 

proposed GFR with respect to the changes of RHP and αHP 

 
 

V. CONCLUSION 

 

 The paper presents a dynamic model of a VSD-controlled 

VSHP responding to the DLC signals and controlling the 
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indoor air temperature. Based on the nonlinear differential 

equations derived in the previous literature, it has been 

developed in an operational level as a dynamic model that is 

simplified for real-time simulation studies but still sufficiently 

comprehensive to show the relationships between the input 

variables ωr, Tc_amb, and Te_air and the output variables Pm, Qhp, 

and COP. The VSHP compressor is then connected to a VSD-

controlled IM whose shaft speed is adjusted by an indirect 

torque controller in response to the DLC signals updated every 

4 seconds. To estimate the effect of the DLC-enabled VSHP 

on the indoor air temperature, a test room model using a 

convection or TABS cooling method has been established 

based on the experimental setup. The small signal analysis 

represents that the DLC can be generally applied to the 

VSHPs, regardless of their compressor characteristics. It also 

proves that the frequency deviation and generator output 

variation are effectively reduced through the supplementary 

PFC and SFC of the VSHPs. The simulation studies 

performed in an isolated microgrid verify that the DLC 

application to the VSHPs improves the frequency stability 

while ensuring both the occupant comfort and the long-term 

device performance. 
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