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Abstract—This paper deals with maximizing coefficient of
performance (COP) of R744 automotive heat pump. A high-
side pressure variation is possible during transcritical operation
employing low pressure receiver and electronic expansion valve
(EXV). The optimal high-side pressure is then determined using
Fibonacci search method. This approach is one of possible
methods of online high-side pressure control and it has significant
advantages over the offline methods.

I. INTRODUCTION

CO2 as a refrigerant R744 was used in marine and other
systems in early 20th century [1]. After chlorofluorocarbon
(CFC) invention R744 was gradually displaced by CFC-based
refrigerants [2], which have high ozon depletion potential
(ODP). That is why the the Montreal Protocol was signed
in 1987 and thus began the elimination of CFC refrigerants,
which was totally completed in 2010 [3]. Hydrofluorocarbon
(HFC) refrigerants are today widely used (for example R134a,
R404a and others), but they have quite high global warming
potential (GWP). Therefore European Directive 2006/40/EC
was approved, which restricts usage of refrigerants with GWP
greater than 150 in automotive applications. There are two
promising refrigerants meeting this condition, R744 (CO2)
and R1234yf. Both of them have their advantages and dis-
advantages. On the one hand, R1234yf can be used in heat
pumps intended for R134a [4], so there is no need to design
new components. On the other hand, R1234yf is classified
as flammable [4], what can affect its usage. Regarding the
thermodynamic properties, R1234yf is very similar to widely
used R134a.

R744 (CO2) is not flammable, but due to its very low
critical point at temperature of 304.1 K (31.1 ◦C) and pressure
of 7.38 MPa [2] the heat pump with this refrigerant will
under some ambient conditions operate in supercritical region.
Moreover, the working pressures are significantly higher and
R744 has also substantially higher volumetric heat capacity,
both compared with other refrigerants. Therefore all of the
components must be adapted to these properties. However, all
components might be a little smaller and lightweight (despite
the need to maintain higher pressures) [5].
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Fig. 1. COP dependence on high-side pressure under fixed conditions.

R744 heat pump operating in subcritical conditions works
similarly as if conventional refrigerants like R134a or R410a
were used. But after a transition to a transcritical region the
heat rejection temperature is not anymore dependent on heat
rejection pressure [6]. It is well known that coefficient of
performance (COP) of a transcritical cycle strongly depends
on high-side pressure [1], [7]. Hence it is necessary to employ
some kind of high-side pressure control to achieve efficient
heat pump operation. Many simulations show that the problem
can be solved by help of an unimodal optimization. In Fig. 1
a typical dependence of COP on high-side pressure is shown,
the data were obtained by simulating heat pump under fixed
conditions and with variable high-side pressure setpoint.

If we ignore various options of cycle configuration as this
paper does not deal with it, there are two basic ways to
control the high-side pressure. The first one is based on
tabular data measured during various conditions or on some
equation allowing calculation of optimal high-side pressure
according to the measured temperatures and possibly pres-
sures [6], [8]–[11]. The advantages of this kind of methods
are simple determination of optimal high-side pressure, low
computational requirements and usually overall ease of use.
The main drawbacks contain the need of measurements under



various conditions or the need to select (or assemble) the
appropriate equation and the impossibility to response to
different conditions changes and disturbances (dirty gas cooler,
partially frozen evaporator etc.).

Thus the second approach to high-side pressure control was
proposed, sometimes referred as an ”online”. These methods
are not based on static equation nor on the tabular data,
but perform a real-time optimization of high-side pressure
to obtain the maximum COP value. According to [12] the
online methods can prevent large COP loss in comparison with
offline ones. This approach was examined several times and
promising results were obtained [13]–[15].

In this paper we propose an online algorithm of optimal
high-side pressure optimization based on Fibonacci optimum
seeking method. It is said to be the best optimum search
method for first dimension functions [16] and that is the reason
for our choice.

II. FIBONACCI SEARCH METHOD

Fibonacci optimum seeking (FOS) method is a convenient
method for finding minimum or maximum of a unimodal
function of one variable y(x) in a finite interval x ∈ 〈a, b〉.
Further we suppose maximum of the function is

y(x∗) = max
a≤x≤b

y(x). (1)

The procedure was discovered and formally described in
[17] as the way of determining an interval containing maxi-
mum of a unimodal function without any requirements on its
continuity, derivatives etc. Thus the method is convenient for
seeking maximum outcome of a real experiment that can be
considered as a unimodal function of one variable.

The method is ”minimax optimal” sequential method among
the class of all sequential nonrandomized procedures with
fixed number N of the argument values at which the function
may be observed. Less formal description of the method can
be found in [18]. FOS strategy is based on evaluation of
the function (experiments) at N distinct points x1, x2, . . . xN

within the interval 〈a, b〉. Of course we do not know the
value x∗. For unimodal function we can only claim that x∗

is somewhere in an interval 〈xK−1, xK+1〉 and for a given
strategy SN we must consider the biggest possible interval.
Strategy S∗

N with minimal biggest possible interval is then
”minimax optimal”. Thus FOS method gives better results than
other similar methods like dichotomic search or golden section
search for the same number N.

Next we describe FOS without mathematical details. Mat-
lab Central File Exchange function fibonacciSearch can be
consulted for implementation details of the minimum seeking
method. FOS uses Fibonacci numbers Fn

Fn+2 = Fn+1 + Fn, F0 = F1, n = 0, 1, 2, . . . (2)

and Fibonacci sequence

{Fn}
∞
n=0 = {1, 1, 2, 3, 5, 8, 13, 21, 34, 55, . . .}. (3)

Contrary to other sequential nonrandomized procedures we
must set number of experiments N according to required

Fig. 3. FOS maximum seeking algorithm

Require: a, b, tol
1: n = N %Given tol find N

%Perform the first two experiments
%with arguments p and q i.e. f(p); f(q)

2: p = b − Fn−1

Fn
|b − a|

3: q = a + Fn−1

Fn
|b − a|

4: fp = f(p)
5: fq = f(q)
6: n = n − 1
7: repeat

%Perform one experiment with argument p or q
8: if fp > fq then
9: b = q

10: q = p
11: p = b − Fn−1

Fn
|b − a|

12: fq = fp
13: fp = f(p)
14: else
15: a = p
16: p = q
17: q = a + Fn−1

Fn
|b − a|

18: fp = fq
19: fq = f(q)
20: end if
21: n = n − 1
22: until n > 2

%Perform last experiment with argument p or q
23: if fp > fq then
24: b = q
25: q = p
26: p = b − 2 ∗ tol
27: fq = fp
28: fp = f(p)
29: else
30: a = p
31: p = q
32: q = a + 2 ∗ tol
33: fp = fq
34: fq = f(q)
35: end if

%Final step evaluating final interval of uncertainty
36: if fp > fq then
37: b = q
38: else
39: a = p
40: end if
41: return x̂ = (a − b)/2

precision or tolerance tol at the beginning of search. Let us
denote interval containing x∗ as uncertainty interval (UI). Thus
at the beginning of the search we have the first UI 〈a, b〉 with
length |b − a|. FOS with N Fibonacci numbers decreases UI
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Fig. 2. Figure demonstrating function of FOS algorithm. Bold black intervals represent UIs. Red points represent experiments.

to final interval with length Δ

Δ =
|b − a|

FN
. (4)

From this follows that when we want to find optimum x∗

with given precision or tolerance x∗ ∈ 〈x̂ − tol; x̂ + tol〉 using
minimum number of experiments, we must find smallest N
satisfying

FN >
|b − a|
2 ∙ tol

. (5)

Then we shall use Fibonacci numbers from sequence
{Fn}

N
n=1 = {F1, F2, . . . , FN−1, FN} to reduce UI gradually.

The following algorithm describes FOS method for maximum
seeking.

In the Fig. 2 and Table I we demonstrate results of the
algorithm on seeking the maximum of function y = 0.5−(x−
0.48)2 with x∗ = 0.48 in the interval 〈0, 1〉 with tol = 0.04
which yields N = 6 and x̂ = 0.4985.

III. HEAT PUMP MODEL AND CONTROL LOOP

Fibonacci search method was applied on heat pump model,
which was connected to vehicle cabin. Both the heat pump
and vehicle cabin parameters does not correspond to a real
vehicle parameters, but they were chosen to be approximately
equivalent to possible real vehicle.

TABLE I
TABLE SHOWING NUMERICAL RESULTS OF MAXIMUM SEEKING. FINAL

UI IS 〈0.4585, 0.5385〉 WITH x̂ = 0.4985.

n a p q b f(p) f(q)
6 0 0.3846 0.6154 1 0.490902 0.481671
5 0 0.2308 0.3846 0.6154 0.437884 0.490902
4 0.2308 0.3846 0.4615 0.6154 0.490902 0.499659
3 0.3846 0.4615 0.5385 0.6154 0.499659 0.496582
2 0.3846 0.4585 0.4615 0.5385 0.499536 0.499659

0.4585 0.5385

A. Heat pump model

The heat pump model was assembled in Dymola tool
employing Modelica language and Air Conditioning library
by Modelon. All control algorithms were designed in Mat-
lab/Simulink as well as simulations were performed using this
environment. Matlab/Simulink does not allow utilization of
Modelica models and that is why the model was exported into
Functional Mock-up Unit (FMU) and then loaded into Matlab
using FMUtoolbox [19].

We selected the simplest possible system of R744 heat
pump with high side pressure control (see Fig. 4). It consists
of a compressor with variable displacement, an electronic
expansion valve (EXV), an internal heat exchanger (IHX),
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Fig. 5. R744 heat pump with vehicle cabin and HVAC equipment.

an evaporator, a low pressure receiver and a gas cooler. In
this system configuration it is possible to vary the high-side
refrigerant charge and thus the high-side pressure using EXV
flow factor change [1]. The superfluous refrigerant charge can
be kept inside the low pressure receiver.

The heat pump model is connected to a vehicle cabin, as
can be seen in Fig. 5. The cabin parameters were selected
to represent a passenger vehicle. It is complemented by a
fan and an air valve, which can be used to control ratio of
fresh and recirculated air. Moreover we added a solar heat
flow representing a heat gain from sun.
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Fig. 6. R744 heat pump control loop.

B. Control loop

The heat pump is actually nonlinear coupled multiple-input
and multiple-output (MIMO) system. However the effects of
nonlinearity and coupling are not very strong, so we can
consider it as a decoupled linear system. The control scheme is
shown in Fig. 6 and it employs Modelica vehicle model, two PI
controllers and Fibonacci algorithm. There are two setpoints,
ϑSP denotes cabin temperature setpoint adjusted by user and
pSP as high-side pressure setpoint whose value is determined
by Fibonacci search method. ϑ stands for measured air temper-
ature inside vehicle cabin, p for measured high-side pressure
and COP is coefficient of performance. PI controllers PIϑ

and PIp take these variables and based on their differences
compute values of control variables - compressor displacement
(cd) and EXV flow factor (Kv). Modelica model could not be
used for PI controllers tuning due to its very high complexity,
therefore transfer functions were measured utilizing this model
and then used for PI controllers tuning.

IV. SIMULATIONS

The control loop with vehicle model, PI controllers and
Fibonacci algorithm were connected using Matlab/Simulink
as shown in Fig. 7. This control scheme was used for all
simulation experiments in this paper, only parameters of blocks
were changed. The subsystem ”Temp and pressure control”
contains PI controllers and related blocks. The component
named ”Fibonacci search method” is C S-function containing
all code needed to find a COP maximum using mentioned
method. It is possible to adjust an amount of fresh air supplied
into vehicle cabin using the constant ”fresh air”. The start of
Fibonacci algorithm can be influenced by setting parameters
of pulse generator named ”start” and also multiple starts are
possible using this block.

All simulation experiments had the same ambient conditions
representing a hot summer day. The ambient air temperature
was 40 ◦C and at the start of the experiment the cabin air was
at temperature of 58.5 ◦C and cabin metal mass was 45 ◦C.

The first experiment (Fig. 8) consisted of vehicle cabin cool
down to a reference temperature of 26 ◦C and then searching
the optimal high-side pressure using Fibonacci method. The
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Fig. 8. Vehicle cabin cool down and COP maximum searching (recirculated
air).

temperature setpoint was constant during the simulation and
after settling the cabin temperature was almost equal with
maximum error of 0.15 ◦C during the optimum searching. The
air valve was completely closed, what means that all cabin air
was recirculated and no fresh air was supplied into the vehicle
cabin.

The second experiment was simulated under the same initial
conditions as the first one, only the air valve was completely
opened (all cabin air was exhausted outside and only fresh air
was sucked into the cabin). The result is shown in Fig. 9.

The last simulation was almost the same as the second,
but at the time of 1000 s a change of ambient temperature
occurred. The temperature fell from 40 ◦C to 30 ◦C during a
30 s ramp. After that change the optimal high-side pressure
was considerably different, so a new run of Fibonacci search
method was started at the time of 1200 s. After approximately
200 s a new high-side pressure setpoint (96.2 bar) was found,
what is quite far from the previous optimal pressure setpoint
(109.5 bar), with a COP improvement of 0.22.

V. CONCLUSION

In this paper we proposed a novel method of R744 heat
pump high-side pressure determination using Fibonacci opti-
mal seeking method. This method works in real-time, what
brings significant advantages over the offline methods (which

0 200 400 600 800 1000 1200 1400 1600 1800 2000
1.5

2

2.5

3

3.5

4

C
O

P
 (

-)

0 200 400 600 800 1000 1200 1400 1600 1800 2000
80

100

120

140

H
ig

h-
si

de
pr

es
su

re
 p

 (
ba

r)

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time t (s)

30

40

50

60

T
em

pe
ra

tu
re

 (
° C

)

Fig. 9. Cooling vehicle cabin (with fresh air from outside).
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Fig. 10. Cooling vehicle cabin (with fresh air from outside) and ambient
temperature change.

use tables or some static equations). Firstly, the method is
resistant against parameter changes and disturbances, which
can often occur. Secondly, no pre-measured data or expres-
sions, both describing relationship between heat pump cycle
variables and optimal high side pressure, are necessary for the
method operation (compared to offline methods, which usually
need some). The main drawback of the method is the fact that
it can not be used during fast transients.

The FOS method of optimal high-side pressure searching
was verified using simulations in Matlab Simulink and em-
ploying heat pump model, which was constructed with the
use of Modelica language.

We presented three examples of optimal high-side pressure
searching. All of them demonstrated the method suitability
for this purpose, the COP maximum was found during quite
short time and with minimum changes of control input (EXV
opening degree). This makes our method preferable against ex-
tremum seeking methods with continuous perturbation, where
the lifetime of the EXV can be shortened due to frequent
changes (valve hunting).

Future work will focus on method verification during heat



pump real operation. It might require combining FOS method
with some offline method to ensure the highest possible COP
even during fast transients. Obviously there are several ways to
improve the basic heat pump control, what will be subject of
future research. Particularly the heat pump could be controlled
as a nonlinear MIMO system, what can bring more precise
control and thus some energy savings and longer lifetime of
the actuators.
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[2] J. M. Belman-Flores, V. Pérez-Garcı́a, J. F. Ituna-Yudonago,
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