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Abstract

The performance of an inverter-driven water-to-water heat pump with an electronic ex-
pansion valve (EEV) was measured as a function of compressor frequency, load conditions,
and EEV opening. Based on the test results, a controller using proportional integral (PI) feed-
back or PI feedforward algorithm was designed and tested to investigate capacity modulation
and transient response control of the system. Although the relation between superheat and
EEV opening of the heat pump showed _nonlinear characteristics, a control gain obtained at
the rated frequency was applicable to various operating conditions without causing large de-
viations, When the simple PI feedback control algorithm was applied, a large overshoot of su-
perheat and wet compression were observed due to time delay effects of compressor fre-
quency. However, applying Pl feedforward control scheme yielded better system performance
and higher reliability, compared to the PI feedback algorithm.

Nomenclature ———————— SH : superheat [TC]
SC : subcooling [TC]
EO : EEV opening [step] T, : secondary fluid temperature at the inlet
F : compressor frequency [Hz] of the condenser [TC]
G transfer function T, : secondary fluid temperature at the inlet
K, : steady state gain [C/stepl of the evaporator [C]

T. : secondary fluid temperature at the out-
let of the evaporator [TC]

K; : integral gain [step/TC - s]

K, : proportional gain [step/TC]
] T : sampling time [s]
@ ey * cooling capacity [kW]

Greek symbols

* Thermal Machinery Group, NIST, MD, USA
** Department of Mechanical Engineering,
Korea University, Seoul, Korea ry : delay time [s]

r  : time constant [s]
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1. Introduction

An inverter-driven heat pump modulates the
capacity using compressor frequency control
with respect to a building load.!’ The inverter-
driven heat pump covers wider capacity range
than a constant speed heat pump. In addition,
it provides not only precise capacity control
but also energy conservation and possibility of
application to an intelligent building system.(Z)

The performance of expansion devices plays
a crucial role on the inverter—driven heat pump
since the refrigerant flow rate control by em-
ploying an appropriate expansion device be-
comes significant in the inverter-driven sys-
tem. Therefore an electronic expansion valve
(EEV), which has superior performance to a
capillary tube, has been implemented in an
inverter—driven heat pump.(3 5

Hewitt et al.® compared the performance of
a TXV with an EEV in a refrigeration system.
He reported that a solenoid expansion valve
produced the best mass flow control. Matsuoka
and Nagatomom derived a step response from
the transient superheat characteristics as a
function of compressor frequency, indoor fan

O+

speed, and EEV opening. Nancy(g) investigated
the system performance with a variation of
load and evaporator exit superheat.

In this study, the performance of an inver-
ter-driven heat pump with an EEV was mea-
sured with respect to load conditions. Based on
the performance tests, the characteristics of ca-
pacity modulation and optimal control were in-
vestigated. In order to adjust compressor speed
and EEV opening, control parameters and con-
trol algorithm were selected and derived, re-
spectively. A controller applying PI feedback or
PI feedforward algorithm was constructed based
on the test results, and then its performance
was tested with a variation of load conditions.

2. Test setup and procedure

A schematic diagram of the experimental
setup for the inverter-driven heat pump is
shown in Fig. 1. The heat pump consists of a
horizontal variable speed scroll compressor, two
double tube type heat exchangers (evaporator
and condenser) and an electronic expansion
valve driven by a stepping motor. The con-
denser and evaporator had a counter flow pat-
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Fig. 1 Schematic diagram of an experimental water-to~water heat pump system.
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Fig. 2 Schematic diagram of measurement and control system.

tern between secondary fluid and refrigerant.
Ethylene-glycol was selected as a heat source
and sink for the heat pump because of its
simplicity of capacity measurement. The se-
condary flow loops for the evaporator and con-
denser includes a magnetic pump and a con-
stant temperature bath. Each constant tempera-
ture bath contains a refrigeration system and
an electric heater. The pump and manual
needle valve controls the flow rate supplied to
the condenser and evaporator to establish test
conditions.

A schematic diagram of the measurement
and control unit is shown in Fig. 2. The flow
rates of the refrigerant and secondary fluid,
temperatures and pressures of the secondary
fluid and the major points in the system, and
power consumption are measured in the test
rig. Compressor speed was controlled by a
controller including a computer and a D/A
board, and the EEV opening was adjusted by
an EEV driver.

The performance of the heat pump was
measured with a variation of second fluid
temperatures at the inlets of the condenser and
evaporator, compressor speed, and EEV open-

ing in the cooling mode. Table 1 summarizes
test conditions.

Test data was monitored by using a real
time data acquisition system. Superheat, sub-
cooling, cooling capacity, and COP were cal-
culated using REFPROP,(Q) and then those
values were applied to the control system as
input data. Once the variations of temperature
and pressure at the inlet and outlet of the
compressor, and the refrigerant flow rate were
within £0.25C, *5kPa, £05kg/h, respective-
ly, during 5 minutes, the data were stored for
every two seconds in 5 minutes. The uncer-
tainty of cooling capacity was approximately
+3.1%.

Table 1 Test conditions

Inlet
T, ,
Condenser | temperature 30 34T 38T
Flow rate 7 lpm
Inlet ]
227, , 28°C
Evaporator| temperature 25C
Flow rate 9 Ipm
Compressor_frequency |30 Hz, 45 Hz, 60 Hz, 90 Hz
Controlled for the
EEY maximum COP
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3. Control system

The setpoint of superheat was determined
based on the steady state performance tests
for the inverter-driven heat pump. In addition,
a control algorithm was developed from the
transient response characteristics of the super-
heat according to EEV opening. Both the capa-
city and refrigerant flow rate were simultane-
ously controlled with a variation of disturbance
and load by adjusting compressor speed and
EEV opening.

The secondary fluid temperatures at the in-
lets of the evaporator and condenser were
selected as a disturbance in the estimation of
controller performance. The control program
calculates the required cooling capacity as a
function of secondary fluid temperature and
compressor speed. At a given compressor
speed, the EEV opening was controlled to
obtain a maximum steady state performance
and a stable transient system response using
PI feedback or PI feedforward control al-
gorithm. In case of PID (Proportional Integral
Differentiation) control, there may exist an un-
stability of the system control and the com-
plexity due to noise filtering when the feed-
back system has a measurement noise. Fur-
thermore, since the transient response of su-
perheat according to an EEV opening is the
Ist order system, the PI control scheme is

appropriate for the 1st order system.(10 12 The
EEV opening and the variation of superheat
were modelled by the Ist order system as
given in Eq.(1). The control gain was deter-
mined by the Ziegler—Nichols(Z‘IB) method which
is very efficient method in a heat pump sys-
tem.”? The method includes three steps as
follows: (1) the superheat was measured with a
variation of EEV opening, (2) the time constant
and time delay were determined by a graphical
method, and (3) the control gain was evaluated
from time constant and time delay, and re-

. 2,10)
tuning process.

SH(S) — Ke —TaS
EO(s) = 1+ @ (1)

__ASH
where, K,= AEO

The control algorithm is composed of two
parts: (1) compressor speed is selected to match
a required cooling capacity, and (2) a stabili-
zation of transient response and an optimiza-—
tion of the system were obtained by adjusting
refrigerant flow rate using an EEV control.

In the PI feedback control, the compressor
speed was adjusted using a correlation of
compressor frequency as a function of second-
ary fluid temperatures entering into the con-
denser and evaporator. In addition, the EEV
opening was controlled by comparing the feed-

/— Feedforward

Load

Hz

SH

(reference) +

Fig. 3 Block diagram of the controller.
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back superheat with the setpoint of superheat.
In the PI feedforward control, the control al-
gorithm of EEV opening was inserted into the
PI feedback algorithm to compensate the ef-
fects of compressor frequency on the superheat
in advance. Fig. 3 shows a block diagram of
the control system.

The controller ( G,) for adjusting superheat

uses the PI control scheme, and the output will
be EEV opening. The wvariation of the load
disturbs superheat through the G,, and the
change of compressor speed alters plant(G,)
through the G; in the PI feedback controller.
However, in the PI feedforward control, the
EEV opening is adjusted through Gy prior to

the feedback control of superheat to take ac-
count for the variation of compressor speed.

4. Results and discussion
4.1 Performance of the system

Figs. 4 and 5 show the variations of cooling
capacity, subcooling and superheat as a func-
tion of secondary fluid temperature in the con-
denser when the EEV opening is adjusted to
maximize the COP of the system. Cooling ca-
pacity increases with an increase of compres-
sor speed at constant loads in the condenser
and evaporator. However, the cooling capacity
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Fig. 4 Variation of capacity as a function of
T

decreases with an increase in the condenser
load because the temperature difference be-
tween the refrigerant and the secondary fluid
drops in the evaporator. Besides, this causes
the existence of two-phase refrigerant at the
evaporator exit. Therefore, the EEV opening
needs to be closed to reduce the refrigerant
flow rate and to maintain appropriate superheat
at the exit of the evaporator. Generally, as the
EEV opening decreases subcooling drops but
the superheat remains nearly constant because
a drop of temperature difference between re-
frigerant and secondary fluid in the condenser
is larger than that in the evaporator. Therefore,
it is more reasonable to use superheat as a
control parameter with a variation of condenser
load as compared to the use of subcooling.

Fig. 6 shows the variations of superheat and
subcooling as a function of compressor speed
when the EEV opening is adjusted to maxi-
mize the COP. As the compressor speed in-
creases, the condensing pressure and refrigerant
flow rate increase, while the evaporating pres-
sure decreases. Besides, both subcooling and
superheat increase with a rise of compressor
speed due to an increase in the temperature
difference between the refrigerant and secondary
fluid in the evaporator and condenser. There-
fore, the EEV opening has to be increased to
obtain higher capacity and to reduce power
consumption with a smaller compression ratio.
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Fig. 5 Variation of superheat and subcooling
as a function of T
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Fig. 6 Variation of superheat and subcooling
as a function of compressor speed.
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Fig. 7 Variation of capacity and COP as a
function of superheat.

When the compressor speed varies, a superheat
control may achieve better performance and
higher stability as compared to subcooling
control because the variation of superheat ac-
cording to a compressor speed is much less
than that of subcooling.

Fig. 7 represents the variations of cooling
capacity and COP with respect to superheat
that is resulted when the EEV opening is con-
trolled. Cooling capacity and COP increase with
a decrease of superheat due to a rise of heat
exchanger efficiency. However, the slopes for
cooling capacity and COP are gradually de-
creased as the superheat is reduced.

For the superheat above 5T, the variation of
COP with respect to superheat in the low fre-
quency region is significantly greater than that
in the high frequency region. The COP at a
superheat of 18C is 11.7% and 7.7%, respec—

4.4

EEV control for maximum COP

Capacity (kW)

1.8 -
1.6-
144-
142-

Fig. 8 Capacity chart of heat pump system.

tively, lower than those for an optimized cycle
including optimal control of the EEV opening.

As the frequency becomes higher, the in-
crease of refrigerant mass flow rate become
large as to EEV opening, which reduces de-
gradation of COP due to a small variation of
compression ratio at high frequencies. For
superheat below 57C, the variation of COP is
less than 1.9%. Therefore, the EEV opening
has to be optimally controlled to maintain the
superheat below 5T, which maximizes the
COP and yields optimal system operation at all
frequencies and load variations.

Fig. 8 represents the variation of capacity
with respect to inlet temperature of secondary
fluid in the evaporator and compressor speed
when the EEV opening is adjusted to obtain a
maximum COP. The most dominant factor af-
fecting cooling capacity is compressor frequ-
ency among the operating parameters such as
secondary fluid temperatures in the evaporator
and condenser. The cooling capacity increases
with a rise of compressor frequency, but the
slope of capacity vs. frequency gradually de-
creases.

When the EEV opening was controlled to
achieve a maximum COP at different operating
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Table 2 Coefficient of Eq. (2)

Coefficients  Value  Coefficients  Value
a 39.77641 f —2.05653
b —0.76577 g 0.32334
c —2.30016 h 0.01059
d 28.77707 i 0.11713
e —0.01136 j 7.23153

conditions, cooling capacity was affected by
compressor speed, and secondary fluid tem-
peratures in the evaporator. Based on the ex-
perimental data, a correlation between com-
pressor speed and cooling load was developed
as given in Eq.(2). The predicted frequencies
showed a good agreement with the test data
with a maximum deviation of *3%.

F=a+b Totc: Tutd: Qu
te To  Tatf-Toi+ Qry
+8 Qo+ Tath+ T}
+i-Tat+i- Q

2)

In this study, the compressor speed was
determined by indoor and outdoor loads. The
cooling capacity was evaluated by using flow
rate, inlet and outlet temperatures of secondary
fluid in the evaporator. The coefficients given
in Table 2 was determined by using a non-
linear regression scheme.

4.2 Controller performance

Fig. 9 shows the response of superheat at
different control gains when the system starts
at 60 Hz with the PI feedback control algorithm.
The system responds very quickly at a high
proportional gain, but it requires more stabili-
zation time."” When the integral gain is re-
latively high, an overshoot becomes large be-
cause the EEV opening varies very rapidly
with a fast compensation of an error.’?. When
the sampling time is decreased from 15 to 10
seconds, the control performance of the system

is enhanced. However, as the sampling time is
decreased from 10 to 5 seconds, the system
performance is reduced due to over loads into
the EEV. This would indicate that the control
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Fig. 9 Variation of superheat with respect to
control gain at 60 Hz start up.
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performance of the system drops when the
EEV operates at an excessively high speed. In
this study, the time constant and time delay
were selected at 27 and 10 seconds, respec-
tively, from the test results of step changes in

2,13)
¢ tun-

the system. Using the Ziegler-Nichols
ing method, the proportional gain and integral
gain were determined as 1.5 and 0.01, respec-
tively.

Figs. 10 and 11 show the response of su-
perheat when the system starts at 45 and 75
Hz with the optimum gain obtained at 60 Hz
starting condition. The system at 45 Hz shows
relatively small overshoot, and then quickly
reaches stable operating conditions at a low
proportional gain due to a small variation of
flow rate. It is noticeable that the deviation
during steady state operation with a variation
of starting compressor frequency is not de-
pendent on the control gain. Therefore, the
system can be controlled appropriately at vari-
ous compressor speeds using the same control
gain determined at the rated frequency.

Fig. 12 shows the variation of secondary
fluid exit temperature of the evaporator and
EEV opening when the secondary fluid setting
temperature of the evaporator exit is varied
from 227C to 19C. Compressor speed is ad-
justed with respect to the secondary fluid set-
ting temperature of the evaporator using the
correlation given in Eq. (2). The EEV opening
is controlled to match the setting superheat by
the PI feedback control algorithm. The relation
between EEV opening and superheat showed
nonlinear characteristics, which were also ob-
served by Jung et al? The evaporating tem-
perature decreases with an increase of cooling
load. However, the mean temperature difference
between the refrigerant and secondary fluid in
the evaporator increases due to a rise of com-—
pressor speed. The superheat increases signifi-
cantly due to the delay of an increase in re-
frigerant flow rate. Therefore, in this case,
more stabilization time is required, and wet
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Fig. 12 Results of PI feedback control.

compression can occur due to a higher output
signal for the EEV opening to reduce the su-
perheat. Therefore, when the cooling load is
rapidly varied, a gradual controlling of com-
pressor speed would be better to achieve
higher system performance and reliability. How-
ever, it should be noted that an approaching
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time to a setpoint is still relatively high be-
cause the variation of required cooling capacity
is relatively small.

Fig. 13 represents the control performance of
the system using the PI feedforward control
algorithm. The EEV opening that corresponds
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Fig. 13 Results of PI feedback with feedfor—
ward control.

to the change of compressor frequency is feed-
forwarded by using a correlation derived from
the test results. When the compressor speed
increases with a variation of operating condi-
tions, the fluctuation of superheat is signifi-
cantly reduced as compared to that observed in
the simple PI feedback control (Fig. 12). In ad-
dition, the PI feedforward algorithm prevents
wet compression by compensating the time
delay in response to compressor frequency.

5. Conclusions

Performance tests of the inverter-driven wa-
ter-to-water heat pump with EEV was exe-
cuted. The controller using the PI feedback or
Pl feedforward algorithm was designed and
tested. The test results can be summarized as
follows.

(1) Controlling the superheat at the inlet of
the compressor yielded higher efficiency and
reliability of the system by adjusting com-
pressor speed and EEV opening with a varia—
tion of the load.

(2) Although the relation between superheat
and EEV opening of the heat pump showed
nonlinear characteristics, a gain value obtained
at the rated frequency was applicable to vari-
ous operating conditions without causing large
deviations.

(3) When the PI feedback control algorithm
was applied at various compressor frequencies,
a large overshoot of superheat and wet com-
pression were observed due to time delay ef-
fects of compressor frequency.

(4) Applying the PI feedforward control scheme
yielded better system performance and more
reliable operation when compared to the PI
feedback algorithm.
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