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ABSTRACT: The present study has been conducted to simulate dynamics of a gas engine-
driven heat pump (GHP) for the design of control algorithm. The dynamic model of a GHP
was based on conservation laws of mass and energy. For the control of refrigerant pressures,
actuators such as an engine throttle valve, outdoor fans, coolant three~way valves and ]iquid
injection valves were controlled by P or PI algorithm. The simulation results were found to
be realistic enough to be applied for the control algorithm design. The model could be applied
to build a virtual real-time GHP system so that it interfaces with a real controller for the
purpose of developing control algorithm.
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Nomenclature

. specific heat at constant pressure of

refrigerant gas [k]/kgC]

* enthalpy [k]/kgl

: mass flow rate of refrigerant gas [kg/s]
: engine speed [rpm]

: pressure [Pa]

: rate of change of displacement volume

of a compressor {m/s]

: volumetric flow rate [m”/s]

: temperature [C or K], torque [N-m]
: time [sec]

! internal energy [k]J/kgl

: overall thermal conductance [W/C]
. volume [m]

: specific volume [m/kg]

: specific work [J/kg]
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Greek symbols

. volumetric efficiency of a compressor
: mechanical efficiency of a compressor
. rotation angle of an engine crankshaft

[radian]

. density of refrigerant [kg/ms]
: time constant [sec]

Subscripts

! ambient

: hot gas bypass valve

: condenser

. compressor

! engine coolant

! engine displacement volume
! engine

. evaporator

: saturated liquid

: saturated vapor

! refrigerant in gas phase
: inlet -
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indoor . indoor

j : any of indoor units
lig . liquid control valve
load : cooling load

0 . outlet

1. Introduction

Large commercial buildings have adopted con-
ventionally central HVAC systems which use
turbo-chillers and air ducts. However, the cen-
tral system has the following demerits: need of
full-time mechanic staff, high maintenance cost,
and inability of separate zone control. In order to
overcome such shortcomings, nowadays HVAC
systems are in the trend of transition from the
central system to several multi-split air condi-
tioners. They have indoor cooling units which
exchange‘ heat with an outdoor unit by con-
trolling refrigerant flow rates through them. As
the technology associated with the multi-split
air conditioner system reaches maturity, its mar—
ket portion will grow further. The key part of
the technology is the control algorithm that
makes the system run stably against rapid tran-
sitions of cooling load.

Because the multi-split air conditioner sys-
tem is highly complicated and high investment
of time and money is required to develop a
control algorithm of such system, it is difficult
to catch up with the competitiveness of Japanese
products in a short period.m So, secure estab-
lishment of GHP control algorithm is a pre-
requisite for the product competitiveness.

In order to develop GHP control algorithm, a
GHP and test facilities must be prepared for
test runs. However, in the early stage of GHP
development, a GHP prototype is not ready to
run. Even though a prototype is prepared, op-
eration of thermal environment chambers must
be minimized in view of saving cost and de-
velopment time. An efficient alternative is to
use a virtual real-time GHP. A controller un-
der development is interfaced with the virtual

GHP and tested to secure integrity of its con-
trol algorithm for all kinds of scenarios of
loads and disturbances.- Controller design through
a real time simulator is a common practice in
large scale chemical and power plants.(H) The
same approach. can be applied to GHP. How-
ever, no literature is found regarding GHP. It
is because GHP is commercialized in Japan

and Korea only, and details of control algo-

" rithm are not published for protection of a

company’s intellectual asset.

The purpose of the study is to develop a
dynamic model of GHP in cooling mode as a
first step toward development of a real time
GHP simulator for control design.

2. Outline of GHP system for control

Figure 1 shows the schematic of GHP to deal
with cooling loads coming from indoor cooling
units. Normal cooling load according to weath-
er condition or indoor activity can be processed
by engine speed variation. However, extra-
ordinary operation conditions, such as sudden
transition of cooling load by powering on or
off indoor units, GHP start-up and system op-
eration at very low loads, for example, ’'sub-
idle cooling load’, which refers to the cooling
load smaller than that correspohding to idle
engine speed, should be assisted by auxiliary
actuators, such as a liquid injection valve, a
hot gas bypass valve and a coolant three-way

Liq§id injection
© Yvave

Exp. vaive

Indoor Unit 1 T < flot gas bypass
! vaive
X X Gas engine Compressor

Exp. vaive .

Indoor Unlt 2 D :] Xcodam jrree-way
viive

Refrigerant gas header

(Outdoor unit)

Fig. 1 Schematic of GHP for control.
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valve, in addition to engine speed. The liquid
injection valve acts as an emergency device to
lower degree of overheat at the compressor in-
let by injecting pressurized liquid refrigerant to
use evaporation heat, so it cools down the re-
frigerant entering the compressor. The hot gas
bypass valve acts as an emergency device to
regulate refrigerant pressures beyond the limits
of normal pressure control by passing pressur-
ized hot gas back into the compressor inlet, so
it is possible to lower excessive high pressure
at the compressor exit and to increase ex-
cessive low pressure at the compressor inlet
whenever needed.

The operable speed range of a gas engine is
between 80rpm and 2,400rpm so its turn-
down ratio is about 3:1. It is quite narrow
compared to the least range of cooling load
that is 8:1 in terms of number of indoor
units attached to a GHP system. To increase
the turndown ratio, loading / unloading of com-
pressor is applied. However, when it comes to
the sub-idle cooling load, the cooling capacity
at idle speed is yet too big to deal with the
load. It will lead to frequent starts and stops
of the system. To avoid the frequent switch-
ing, artificial cooling load is generated. It is
made by injecting liquid refrigerant into the gas
header and supplying necessary vaporization heat
by increased coolant flow rate through a cool-
ant three-way valve to the gas header where
the refrigerant exchanges heat with the coolant
in a compact plate-type heat exchanger.

Real-time simulator

Indoor unit A
Indoor unit A ™
Indoor unit B

Outdoor unit

Target board undet
development

Outdoor

1/O data - unit

packet

I‘ ->| Engine controller Iq-b

User—defined data packet

l Gas engine

Fig. 2 Controller prototyping environment using
a real-time simulator.

On the other hand, when GHP pressures de-
viate significantly from its set values, which is
mainly caused by switching indoor units fre-
quently, emergency control mode is activated
where liquid refrigerant is injected and hot re-
frigerant gas is bypassed back to the com-
pressor inlet.

Figure 2 shows the concept of prototyping a
controller interfaced with a virtual real-time
GHP plant that is programmed using a dy-
namic model to be developed in the study.
GHP is a system that is heavily coupled among
many inputs and outputs and requires a huge
and expensive calorimeter to test its control
performance because of various cooling loads
associated with its many indoor units. To de-
velop GHP control algorithm and its prototype
controller in short time and less cost, it is
necessary to develop a virtual real-time GHP
plant to replace a GHP and a calorimeter. If a
virtual real-time GHP plant can be realized by
modeling GHP dynamics and making it run in
real-time exchanging its inputs and outputs
with a target controller via data communica-
tion, for example, through serial port, it will
save a lot of time and cost for the develop-
ment of a GHP system.

3. Dynamic model
3.1 Compressor

A P-V diagram of a reciprocating com-
pressor is shown in Fig. 3. Its volumetric effi-
ciency and refrigerant flow rate are defined re-

spectively in Egs. (1) and @.?

m V3

nu PD
i/n
™ comp = [1+ - c(%) ]% @)
b b

Here, polytropic exponent n should be de-
termined by experiment, but it is a common
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Fig. 3 P-V diagram of the compressor.

practice to approximate it with the isentropic
exponent k. For the refrigerant R-22, k is 1.16.
The clearance coefficient C is defined as fol-
lows and its value is about 0.05.

o= "
=T 3)

Work per cycle and power consumed are
calculated from the following relations.

n P (n—1)/n
mep = E‘L——T)pbvb (;;) e 1} (4)
. m
W= comp Weomp (5)
m

3.2 Evaporator

Cooling load is processed by vaporizing the
liquid refrigerant in the evaporator and the su-
perheat of the refrigerant is regulated by an
electronic expansion valve located at the exit
of the evaporator. Heat balance equation in the
evaporator is described as follows.

du,,

vt = Qlaad - mcu,j (hev,o - hev,i) (6)

m

Cooling load in the. evaporator can be ex-

pressed by multiplication .of the enthalpy dif-
ference between the inlet and exit of the evap-
orator .and the vapor throughput. Since super-
heat of R22 is controlled within 5C its sen-
sible heat is less than 1% of latent heat. So
contribution of the sensible heat to the cooling
load is neglected for simplicity as follows.
Q:aad: UA

( 711 T:av,sat) (7)

indoor \ Lindoor ~

In addition, Eq. (6) is rearranged to obtain a
first-order differential equation with respect to
the enthalpy at the evaporator exit by assum-
ing that the internal energy in the evaporator
is approximated to the enthalpy at the evapo-
rator exit.

dh .
ev de: > +mev,j

®

m h‘ev,a = Qload + mev,j h’ev,j

Pressure build-up in the evaporator can be
explained from the following consideration. Eva-
poration of refrigerant by cooling load increases
pressure in the evaporator whereas suction of
refrigerant gas into the compressor decreases the
pressure. At steady state, evaporation amount
by cooling load is balanced by the amount of
refrigerant gas sucked into a compressor. As
cooling load increases, evaporation amount in-
creases and the pressure in the evaporator in-
creases when a compressor runs at fixed speed
at the moment. So the compressor speed should
be increased to keep the pressure constant.

3.3 Gas header

All of refrigerant gas leaving each indoor
unit is collected in a refrigerant gas header
and sucked into a compressor. As shown in
Fig. 4, the gas in the course of heading toward
the refrigerant gas header receives additional
heat and, in some cases, additional refrigerant
in gas or liquid“ phase from auxiliary devices,
such as a liquid injection valw}e, a hot gas By—
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Heat from Refrigerant from  Refrigerant from
engine cootant liquid injection hot gas bypass
1 valve . valve
l l To
o Y compressor
evaporators
—_— B a

Fig. 4 Heat and mass balance in the gas header for auxiliary control

pass valve and an engine coolant heat ex-
changer, to control superheat, refrigerant pres-
sures and temperatures.

The behavior of the pressure of the super-
heat gas in the gas header can be approxi-
mated by the following ideal gas relation.

Peu Vgas = Mgy RTgas (9)

The amount of refrigerant evaporated from
each indoor unit and the intake amount into the
compressor are changed by varying cooling load.
The following equation describes the amount
change in the gas header, which leads to the
pressure change in the evaporator.

dPeu _ R dmgas dT‘gas
dat v Tyos dt + Mgy dt

gas

(10)

At that moment, the rate of change of the
mass of the superheat gas accumulated in the
gas header is determined by the following mass
flow rates from each indoor unit, a liquid in-
jection valve, a hot gas bypass valve, and the
intake amount into the compressor.

M gyq

dt =me,j+muq+7hbw‘mmmp (1D

i=1

The heat balance equation to simulate tem-
perature of the refrigerant vapor in the gas
header is as follows:

dug,,
m, . 343

gos o = 25 (A )y, 05+ Qeoot + (Mmhy

j=1

. . (12)
+ (mh),Jw - (mh)wmp,i

The following approximation also holds:

h’byp = hcomp,i + Weomp (123)

Piig = Peomp,i ™ Rgg (12b)

Since the internal energy U4, can be ap-
proximated to the enthalpy of the refrigerant at
the compressor inlet Reomp,i, combining Egs. (11)
~(12b), the following differential equation with
respect to Peomp,i can be derived.

Qheompi S, - .
Mgas ™ g jéjl (mh )ﬂvyo,j + Qo
+ 1My Woomp — Mg hyg 13)

i . dm,, b
- meu,a,j - dt comp,t
Jj=1

The superheat at the compressor inlet can
be estimated by solving Eq. (13).

3.4 Condenser

Application of the above argument to the
compressor leads to the following relation:

dmc,i, . .
—Tg=mwmp—mm,—mcd,,z0 (14)
M dT‘cd,sat _
cd C, ,steel dt - ch ) (15)
+ (hcomp,out - hod.f)m cd,f =0
ch = UAcd(Tcd.sat - 71amlz) (16)
PcdzPsatzfn(Tod,sat) (17)

In Eqgs. (14) and (15), transient terms are ne-
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glected for ease of calculation. The condensation
temperature at the condenser, Teasa, is solved
from Eqgs. (14) ~(16). Finally, the condenser pres-
sure is obtained from the Eq. (17).

3.5 Expansion vaive

The opening of an electronic expansion valve
is determined by number of pulse steps applied
to the valve stepper. An experimental result
shows that the flow rate through the valve
has a following linear relation with respect to
number of pulse steps to a stepper.(s)

7;7'”,,‘ o steps X  pAp (18)
3.6 Engine dynamics

Engine power is regulated by the opening
angle of a throttle valve through which a mix-
ture of air and CNG (compressed natural gas)
flows. Since mixture flow rate is non-linear
with respect to the opening angle of the valve
due to geometric characteristics of its butterfly
valve type, the following relation is assumed
for simplicity.

M iz _ _bmep
bmepmnx

; =sin ¢ (19)
mmia:.max . .

In Eq.(19), bmep stands for brake mean ef-
fective pressure and is defined as the mean
pressure applied to the piston top surface by
the gas in the combustion chamber during one

. o o .
engine cycle. Its magnitude is proportional to
the amount of the mixture trapped in the com-
bustion chamber and its maximum is about
850kPa for naturally aspirated spark ignition
engines of modern passenger cars

bmep Vg,
I Ty = — 20
. 21T, N
Weng = Teng0 = —¢5— @D

The dynamic relation with respect to engine
speed N with a compressor connected to the
engine is as follows:

Jmo— o~ Loomp— B (22)

Here, J is the moment of inertia of the en-
gine connected to a compressor. Laplace trans-
formation leads to the following transfer func-
tion:

N(s) 30/ _ {30 1
W—Js-{-B—(wB) TungS+ 1 @3)

Here, T is net torque obtained by subtract-
ing compressor-absorbed torque from engine-
generated torque. The compressor-absorbed tor-
que is determined by circulating flow rate of
the refrigerant ‘and pressure difference across
the compressor and so forth.

4. GHP control algorithm

The GHP control algorithm in cooling mode
is as follows. Each indoor unit deals with its
indoor cooling load by controlling superheat of
the refrigerant at its exit. The resulting flow
rate through indoor units and the .volumetric
displacement rate ( =rotational speed times dis-
placement volume) of the compressor determine
the refrigerant pressure at the inlet of vt_he
compressor. The outdoor unit controls the pres-
sure within some specified range by regulating
the volumetric displacement rate. Thus the re-
sulting rate reflects magnitude of cooling load.
A technical challenge of the heat pump with
multi~split indoor units is limited variation of
cooling capacity compared to the wide rarige of
cooling load variation imposed by many indoor
units. The turndown ratio of engine Speéd is
about 3:1. To increase the turndown ratio,
loading/unloading:of individual compressor cyl-
inders is also employed. In spite of such im-
plementation, continuous GHP operation is not
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possible for very low cooling loads (for exam-
ple, when a single indoor unit is in service at
light load). In that case, the GHP might repeat
starts and stops frequently to cope with such
low loads and, as a result, adverse effect on
system durability and poor control performance
is inevitable. Thus, an idea is suggested that
the system is supplied with artificial cooling
load whose amount makes it run continuously.
The load is generated by circulating part of
hot engine coolant through the plate-type heat
exchanger installed near the inlet of the com-
pressor. The heat exchanger exchanges heat
with the refrigerant and the coolant throughput
is controlled by the opening angle of the cool-
ant three-way valve. This type of artificial
cooling load generation is a widely-accepted
technique. Figure 5 shows an example of con-
trol algorithm to implement such idea.(g) In this
study the same idea was adopted for simulation.

Since thermal dynamics of a GHP system
corresponds to linear combination of first-order
transfer functions of many mechanical compo-
nents although they are coupled complicatedly
to form the system, a system response to any

Normal control
(compressor capacity control}

Target low pressure
(engine speed)

Avoidance of excessive
Ne low pressure

&
PL<target low pf
0.048MPa

Hot gas bypass valve
control

‘Supplement of cooling load
(control of waste heat recovery)

Target low press.-0.049MPa <PL<Target
low press.+0.048MPa
(control of the coolant 3-way valve)}

Fig. 5 Control algorithm of Yanmar GHP.

control effort approaches stably to a certain
steady-state value without severe excurs_ions.
Therefore, it is possible to construct a stable
control system by designing a cascade-type
control algorithm where fast control loops are
placed as inner ones.(S) In this study, cascaded
PI loops were applied to all components that
need feedback control loops. For example, en—
gine speed and opening angle of the coolant
three-way valve were Pl-controlled for the re-
frigerant low pressure. And the inverter speed
of the outdoor fan motor was P-controlled for
the refrigerant high pressure.

5. Simulation result

Figure 6 shows an example of simulated GHP
operation obtained by programming the modeling
result and control algorithm on SIMULINK®.""
The target compressor was a four-cylinder re-
ciprocating type with the total displacement
volume of 554.2 cm’. Two indoor units in Fig.
1 are exposed to 35T of indoor temperature.
For the sake of continuous operation, the gas
engine is forced to run at its lowest speed of
800 rpm even for a cooling load which is lower
than the minimal cooling capacity that the GHP
system can produce. One of main concerns in
the view of control performance is the behav-
jor of refrigerant at low pressure and COP at
such low cooling loads under which the coolant
three-way valve and the liquid-injection valve
become main actuators to control the pressure
and temperature of the refrigerant at the com-
pressor inlet. To monitor the concern, the cool-
ing load was set to be 30kW for the first 500
sec and 10kW later on as shown in. Fig. 6(b).
For the variation of cooling load, Fig. 6(a) shows
that simulated refrigerant high and low pres-
sures follow well the target pressures of 20 bar
and 5 bar, respectively. Since engine speed can
not be reduced below 800 rpm to prevent re-
frigerant pressure drop, liquid refrigerant has
to be injected into the refrigerant gas header
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Fig. 6 Simulation results.

but it decreases below 2 for very low

load

and it should be vaporized by the hot engine
coolant via the plate-type coolant heat ex-
changer, as shown in Fig.6(d), so that the en-

cooling load. Therefore, the limit of low load

for continuous operation must be

designed with

>

energy saving target taken into account.

gine keeps running at 800 rpm. Figure 6(c) re-
presents refrigerant temperatures at the inlet

and exit of the compressor.

6. Conclusions

Figure 6(e) shows COP for the same period.
It is shown that COP is about 3.7 for normal

The following conclusions were obtained from
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the study of simulating GHP system dynamics
to design control algorithm and evaluate con-
trol performance:

(1) Modeling the refrigerant cycle is quite
complicated due to two-phase flow heat trans-
fer phent)ména. However, through reasoning of
simplified physics to derive differential equa-
tions, a simple model was obtained which si-
mulated thermal dynamics to serve as a plant
for control loop design.

(2) The behavior of simulated temperatures,
pressures and COP was found to be similar to
those of real systems. Although model refine-
ment is needed through quantitative compar-
ison with experimental data, it may be served
at least as a virtual GHP system to test many
algorithm candidates. Further development of
the model would make it possible to evaluate
energy savings and control performance quan-
titatively with respect to various control stra-
tegies.

Acknowledgement

The study was conducted by the financial
support from Korea Institute of Energy Re-
search (KIER). Authors appreciate the support.

References

1. Nakano, S., Park, T.Y. and Ryu, H.S., 2004,
Introduction of gas engine driven heat pump,
Proceedings of Air-Conditioning and Refrig-
eration Engineering, Summer Meeting, pp.
1138-1143.

2. Taylor, D.A. 1991, Object-Oriented Tech-
nology: A Manger's Guide, Addison-Wesley,
Boston, MA. .

3. Ly, S,, Swidenbank, E. and Hogg, B. W 1996,
Integrated environment for power plant per-
formance analyéis and control design, Con-
trol of Power Plants and Power Systems
(SIPOWER'95), pp. 31-36.

4. Lu, S., 1999, Dynamic modeling and simula-
tion of power plant system, Proceedings of
the Institution of Mechanical Engineers Part
A, Journal of Power and Energy, 213(Al),
pp. 7-22.

5. McQuiston, F.C., Parker, J.D. and Spitler,
J.D,, 2000, Heating, Ventilating, and Air
Conditioning: Analysis and Design, Wiley
Text Books, 5th ed., pp. 302-356.

6. Kim, K. S, Kim, Y.G,, Ryuy, S.K. and Kim,
T.J., 1995, Superheat control of evaporator
by EEV, Proceedings of Air-Conditioning and
Refrigeration Engineering, Summer Meeting,
pDp. 296-301.

7. Heywood, J. B., 1988, Internal Combustion En-
gine Fundamentals, McGraw-Hill Book, pp.
389-390.

8. Yanmar Ltd., 2003, GHP YNZP840F1 Ma-
nual (in Japanese), pp. 65-80.

9. Corripio, A.B., 1990, Tuning of Industrial
Control Systems, An Independent Learning
Module, Instrument Society of America, pp.
9-33.

10. Mathworks Inc., 2002, MATLAB program
package, version 6.5, http://www.mathworks.
com.



