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ABSTRACT Multi-temperature transport systems offer a significant opportunity to improve supply chain
efficiency by enabling the simultaneous transport of goods with diverse temperature requirements. However,
these systems present critical environmental challenges due to high energy consumption, refrigerant leakage,
and the significant amount of goods being damaged or lost due to inadequate temperature control. To address
these issues, this study proposes a novel indirect cascade multi-temperature transport system with two
temperature-controlled compartments. The design features a compact, well-sealed refrigeration system with
reduced refrigerant charge and utilizes the natural refrigerant propane. A nonlinear control strategy based
on feedback linearization is introduced to decouple system dynamics and precisely regulate compartment
temperatures. Specifically, a two-degree-of-freedom (2DOF) controller, consisting of a feedforward
trajectory planning algorithm and a feedback controller, is implemented. Additionally, an optimization-
based input transformation allows prioritization of specific compartments when actuator limitations prevent
accurate tracking of all compartment temperatures. The control approach was experimentally evaluated on
a test bed and compared with a conventional proportional-integral (PI) controller. Across the conducted
experiments, the proposed 2DOF control law reduced temperature deviations during normal operation by
40% to 77%, clearly highlighting its quantitative superiority over the conventional approach.

INDEX TERMS Feedback linearization, nonlinear control systems, refrigerated transport, temperature
control.

I. INTRODUCTION

Refrigerated transport systems pose a significant environ-
mental challenge, with approximately 15% of global fossil
fuel energy consumed in refrigerated food transport [1]
and 10% of worldwide greenhouse gas emissions attributed
to vapor compression refrigeration systems [2]. A con-
siderable share of these emissions stems from refrigerant
leakage in vapor compression cycles, with refrigerated trucks
losing between 10% and 37% of their refrigerant charge
annually [3]. This leakage has two major environmental
consequences: the direct release of greenhouse gases, as com-
monly used refrigerants exhibit a global warming potential
(GWP) over 1000 times that of CO,, and the indirect
increase in emissions due to reduced refrigeration system
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efficiency caused by suboptimal refrigerant charge [4],
[5]. The environmental impact is particularly pronounced
in multi-temperature systems with multiple compartments,
which require large refrigerant charges and incorporate more
complex, distributed refrigerant cycles [6]. Moreover, these
systems face challenges in temperature control [7], often
resulting in variations of the compartment temperatures,
which can damage or spoil transported goods, thereby
compounding their environmental impact.

To address these challenges, this work proposes an indirect
cascade refrigeration system that utilizes secondary loops
with two temperature-controlled compartments. Compared
to conventional multi-temperature transport systems, the
proposed design reduces the required refrigerant charge,
is less prone to refrigerant leakage, and employs the natural
refrigerant propane with a low GWP, thus significantly
reducing the system’s environmental impact. For temperature
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regulation of the two compartments, a two-degree-of-
freedom (2DOF) controller based on feedback linearization
is proposed, effectively decoupling the dynamics of the
compartment temperatures. The proposed control concept
was experimentally evaluated on a test bed of the proposed
refrigeration system and compared to a proportional-integral
(PD) controller, a widely adopted control method in the cold-
chain industry.

Traditionally, goods with different temperature require-
ments were transported separately. However, recent advance-
ments have led to the development of multi-temperature
transport systems, which feature multiple compartments that
can be individually held at different temperature levels. This
enables the simultaneous transport of goods with diverse
temperature needs - such as frozen, fresh, and ambient
products in food logistics [8]. These systems offer significant
advantages in temperature-controlled logistics, including
enhanced flexibility, fewer stops, and reduced mileage.
Studies [9], [10], [11] indicate that fleet costs can be reduced
by 6%-30% when employing multi-compartment vehicles,
compared to fleets relying only on single-compartment
vehicles. Despite these clear benefits, multi-temperature
refrigeration systems remain relatively uncommon [12].

Hydrofluorocarbon (HFC) refrigerants are the most com-
monly used refrigerants in the cold chain industry [13],
[14]. However, due to their substantial environmental impact
- particularly their high GWP and contribution to ozone
depletion - many countries have committed to phasing them
out until 2050 [15]. Consequently, considerable efforts are
being directed toward identifying alternative refrigerants that
offer comparable efficiency and capacity while being more
environmentally sustainable. Among the most promising can-
didates for temperature-controlled transport are the natural
refrigerants propane and CO; [16]. While propane exhibits
more favorable thermodynamic and transport properties than
COgy, it poses an inherent flammability risk [17]. Both
refrigerants are already in commercial use, and studies have
shown that systems utilizing CO;, [18] or propane [19],
[20] can achieve similar or even better energy efficiencies
than conventional HFC-based systems. Therefore, these
alternative refrigerants not only have the potential to reduce
direct emissions of the refrigerant significantly but also
contribute to lowering indirect emissions by improving the
efficiency of refrigeration systems.

In multi-temperature systems, a simple vapor compression
cycle is insufficient due to its limitation of extracting heat
from only a single temperature level, owing to its single evap-
orator configuration. Consequently, more advanced systems
are required, and various multi-temperature systems have
been developed, as summarized in [21]. One of the most
established approaches is the cascade cycle. Cascade systems
consist of multiple cooling cycles connected in series,
enabling heat extraction from different temperature levels.
They offer several advantages over single cycles, including a
broader temperature range, higher capacity, and an improved
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coefficient of performance [22], [23]. In [24], several cascade
cycles for multi-temperature refrigeration are compared
regarding energy, exergy, and economic performance. They
proposed a system with a single high-temperature cycle
connected to two low-temperature cycles, which demon-
strated superior performance in the aforementioned aspects
compared to traditional systems.

In multi-temperature transport systems, direct expan-
sion (DX) refrigeration technology is predominantly
employed [25]. In DX systems, the evaporators are
located directly inside the compartments, resulting in large
refrigerant charges and leak-prone distribution pipes leading
to the distributed evaporators. The adoption of propane as
a refrigerant heightens safety concerns, as leaks inside the
compartments pose significant safety hazards. These risks
can be mitigated by employing indirect expansion (IDX)
technologies, where secondary loops act as an intermediary
between the primary cooling cycle and the interior of the
compartments [26]. Typically, a non-hazardous fluid, such
as a water-glycol mixture, is used in the secondary loop
to serve as a heat transfer medium [27]. Consequently, the
primary cooling loop can be designed to be compact, well-
sealed, and located outside the compartments, significantly
reducing safety risks, refrigerant charge, and leakage
potential. A comparative analysis presented in [28] evaluated
a multi-temperature refrigeration system with IDX, despite
only equipping one of the two compartments with a secondary
loop, against one with DX and found that while the refrigerant
charge could be reduced on average by 58.5%, the energy
consumption increased by 2.5% to 17.1% due to the lower
evaporation temperature with IDX systems. Nevertheless, the
study concluded that the overall environmental impact was
reduced by 30% with the IDX system, based on the metrics
used. Similar findings have been reported in [29] and [30].
However, in literature on indirect cascade multi-temperature
refrigeration systems, secondary loops have mainly been
applied to a single compartment rather than all, indicating
a research gap in exploring the full benefits of IDX systems.

Accurate temperature control is critical for maintaining
the quality and safety of goods within the cold chain,
and even minor temperature deviations can lead to the
loss or damage of goods [31]. However, achieving precise
temperature regulation in refrigerated transport systems
is especially difficult for multi-temperature systems [7],
as they consist of multiple compartments with strongly
coupled dynamics. These coupled dynamics are particu-
larly concerning, as they can cause significant deviations
and oscillations of the compartment temperatures during
closed-loop operation. Despite these challenges, the industry
predominantly relies on relatively simple controllers, such
as proportional-integral—derivative (PID) controllers, which
research has shown are not well-suited for fullfilling the
complex requirements of refrigerated transport system [32].

In [33], a model predictive controller (MPC) is proposed
for regulating a DX multi-evaporator vapor compression
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system. Based on a linearized model, this approach satisfied
requirements for setpoint regulation and energy efficiency
but did not explicitly address the coupled dynamics, leading
to temperature oscillations around the setpoint. Another
study [34] analyzed the coupling effects of a similar DX
multi-evaporator vapor compression system and proposed
a decoupling MPC to control the cooling capacity of each
evaporator. However, the work lacks experimental validation
and focuses only on the refrigeration cycle, neglecting
the essential interaction with the compartments. While the
aforementioned studies relied on linear models of the vapor
compression cycle, the dynamics of vapor compression sys-
tems are inherently nonlinear [35]. In [36] and [37], nonlinear
decoupling control strategies based on feedback linearization
are proposed for indoor climate control systems in build-
ings, featuring a single cooling cycle and variable airflow
distribution to different temperature zones. Simulation results
demonstrate the superiority of this approach in disturbance
rejection and decoupling compared to a conventional PI
controller. However, their system architecture with a single
cooling cycle differs significantly from the multi-temperature
transport system discussed here. Furthermore, machine learn-
ing and data-driven control strategies have gained significant
traction in recent years, for example in the control of power
systems [38]. While these methods often deliver good control
performance - even though they are mostly model-free -
and can approximate decoupling by learning the system
dynamics, they typically do not address decoupling explicitly.
As a result, residual coupling effects may persist, potentially
limiting their effectiveness in highly coupled systems such as
the one discussed here.

Existing literature on cascade refrigeration systems [39],
[40] primarily focuses on energy efficiency and exclusively
considers a single controlled temperature level. Research
on decoupling control methods for cascade refrigeration
systems is lacking, although such systems could significantly
benefit from these methods due to the highly coupled
dynamics intrinsically arising from their architecture. This
work contributes not only by addressing this gap theoretically,
by proposing a decoupling control concept for such systems,
but also by demonstrating its practical application on a
real-world test bed. To summarize, the novel contributions
that set this work apart from existing literature include:

o Novel indirect cascade refrigeration system with a
leak-proof design and minimal refrigerant charge.

« Nonlinear decoupling control concept for precise tem-
perature regulation across multiple compartments in a
cascaded refrigeration system.

The remainder of this work is structured as follows: The
architecture of the multi-temperature transport system is
described in Section II. Section III introduces the control
scheme, covering system modeling, feedback linearization,
the 2DOF controller, and the PI controller used for com-
parison. In Section IV, the experimental evaluation of the
refrigeration system and its control scheme is presented.
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The work concludes with a discussion in Section V and a
conclusion in Section VI.

In this paper, temperature values in Kelvin are denoted by
the symbol 7', while those in degrees Celsius are represented
by ¥, with the conversion between Kelvin and Celsius given
by T = ¢ + 273.15.

IIl. MULTI-TEMPERATURE TRANSPORT SYSTEM

The multi-temperature transport system under consideration
is illustrated in Fig. 1, where the measured temperatures
are denoted by T, heat flows by O, and the compressor
speeds of the cooling cycles by nepr,1 and ncpr2. The system
comprises two compartments: the medium temperature (MT)
compartment and the low temperature (LT) compartment,
with the air temperatures within these compartments rep-
resented by the variables 7™ and Tch, respectively. The
system employs an indirect cascade refrigeration system,
consisting of two cooling cycles and two glycol loops (Té‘“,
Tét), which serve as secondary loops to the cooling cycles.
The cooling cycles are vapor compression cycles that use
the natural refrigerant propane. These cycles are driven by
a compressor with the rotational speed ncpri, i € {1,2},
removing a heat flow Qev,i, i € {1,2} from the evaporator
side. On the condenser side of cooling cycle 2, the heat
flow Qco,z is transferred to the MT glycol loop, whereas
the condenser of cooling cycle 1 is air-cooled by ambient
air with the temperature 7,. Inside the compartments, heat
exchangers facilitate the heat flows the‘ and QEC between the
glycol loops and their respective compartments. Exogenous
disturbances, such as solar radiation, door openings, and
heat from transported goods, also influence the compartment
temperatures, represented in this system by the variables
0}, j € {mt, 1t}

The fans mounted to the heat exchangers inside the
compartments, the one mounted to the condenser of cooling
cycle 1, and the pumps of the MT and LT glycol loop all
operate at constant speed. Therefore, they are not considered
as variables in this work.

Due to the design of the proposed refrigeration system,
the MT compartment can be heated and cooled because its
glycol loop is connected to both the condenser of cooling
cycle 2 and the evaporator of cooling cycle 1. In contrast,
the LT compartment can only be cooled, but the cascade
architecture allows it to reach lower temperatures than the MT
compartment.

The system architecture enables a simple and compact
implementation of the two cooling cycles, which also facili-
tates their hermetic sealing. As a result, the multi-temperature
refrigeration system requires only a minimal refrigerant
charge, and the risk of refrigerant leakage is significantly
reduced.

The dynamics of both compartment temperatures are
coupled due to the connection between the two compartments
via the glycol loops and cooling cycle 2. As a result,
temperature changes in one compartment influence the other,
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I Controlled variable
I Manipulated variable

1 Internal heat flow
e .
Mepr! [ Disturbance variable
; Q Measured temperature
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FIGURE 1. Schematic illustration of the indirect cascade refrigeration
system with two temperature-controlled compartments. The system
utilizes two vapor compression cooling cycles connected by glycol loops.
Key variables, including measured temperatures (T), heat flows (Q), and
the variable compressor speeds (n¢py,1, Ncpr,2). are highlighted.

and both compressor speeds, which are later used for control,
impact the temperatures of both compartments. These
coupled dynamics require a dedicated control algorithm to
ensure precise temperature regulation in both compartments.

Ill. CONTROL SCHEME

The primary control objective is to accurately track reference
temperature values for each compartment. Additionally,
the temperature dynamics of each compartment should be
decoupled to prevent disturbances in one compartment or
changes in its reference temperature from affecting the other.
To achieve this, a 2DOF controller was selected, employing
feedback linearization applied to a nonlinear model of the
multi-temperature transport system. The following sections
detail the derivation of this control law and introduce a
baseline control scheme without decoupling, which acts
as a benchmark for evaluating the 2DOF controller’s
performance.

A. MODEL DESCRIPTION
This section presents a control-oriented model of the system,
which serves as the basis for the decoupling control scheme.
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Hence, it is essential that the model accurately captures all
key dynamics relevant to control while remaining as simple
as possible to minimize computational effort. The mathe-
matical formulation follows a lumped-parameter approach,
with model parameters estimated from experimental data,
resulting in a grey-box modeling framework. Following
this common approach [41], [42], each compartment is
represented by a single lumped temperature. The dynamic
model of each compartment is formulated using an energy
balance equation in continuous time f, accounting for
inflowing and outflowing heat flows as well as heat losses
through the walls:

Tmt . .
e a@ O~ _oma) + 05 + KT - T0)
(M
Tlt . .
b 2;0) = —0he() + 04(1) + K{ITa() = T O] ()

where the heat capacity of the air inside the compartments,
C™ and CY, and the thermal conductance of the compartment
walls, K\Lm and Kvls, are constant parameters. Similarly, the
two glycol loops are modeled using lumped temperatures,
with their dynamics given by:

dT™ (1) . . .
g = e+ Qo2+ O ()
drl@) . .
ey = Qo)+ Ope(®) )

with Cg" and C}; representing the heat capacity of the MT
and LT glycol loop, respectively. The assumption of lumped
temperatures relies on minimal temperature variations within
the compartments and glycol loops. This assumption remains
valid when sufficient mixing is ensured by heat exchanger
fans or pumps within the glycol loops.

For modeling the heat exchangers within the compart-
ments, the effectiveness-NTU method is used [43]. Assuming
constant mass flow rates for both air and glycol due to the
continuous operation of the fans and pumps, the heat transfer
between the glycol loop and the air inside the compartment
is given by:

0.(t) = KU[Tt) - Th0)), j € (mt, 1y (5)

with the heat transfer coefficients K™ and K.

Each of the two cooling cycles is modeled by a nonlinear
static relation for the heat flows on the evaporator and
condenser side. Since the most influential variables in the
cooling cycle are the compressor speed and the evaporator
and condenser temperatures, the heat flows are modeled as
follows:

Qev,1 (1) = [a1 1 Ta(t) + a2 1 T (1) + a3 1 1nepri (1) (6)
Qeva(t) = [ 2T (1) + 2 2Ty (1) + 03 21nepea(®)  (7)
Do (t) = [BL2TM(0) + Poa Ty (1) + Baolnepra(t)  (8)
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with the parameters 01,1, 021,031,012, 022,Q3 2, ,31,2,
B22, and B3>. The dynamic behavior of the refrigera-
tion cycle is neglected, following a common approach
in control-oriented modeling of refrigerated transport sys-
tems [42], [44]. This simplification is justified because the
internal processes within the cycle are significantly faster
than the overall system dynamics due to the large heat
capacities of the glycol loops and compartments.

The equations above are assembled into the general form
of a nonlinear input-affine state-space system to provide a
concise description of the model according to

x(t,0)="f(x,d,0)+gx,d, 0u(t) C)]
with the vector fields f and g, the state vector x defined by
x(n) = [T T, T T (10)
the input vector of the manipulated variables u
u(®) = [nepr.1, nepr2]" s (11)
the disturbances d given by
d) = [T, O3, 04]", (12)

and the vector of the model parameters @ according to:
mt It mt It mt It mt It
0 =I[C" C.Cy, Cy, KW K, Ky Ky,

T
S0, 00,1, 03,1, 00,2, 022, @32, B1.2, B2,2, B32] .
(13)

The model parameters are estimated using experimen-
tally obtained measurement data recorded at discrete time

instances fx,k € {l,...,nx}. The estimation method
minimizes the quadratic model error Ax, defined as
Ax(ty, 0) = x(tx, 0) — Xmeas (), (14)

where Xxmeas represents the measured state variables. The
model states x over time are determined by solving the
nonlinear state-space model using the inputs and disturbances
from the measurement dataset. The parameter vector is then
estimated by solving

1 <&
0 = arg min— > Ax(ty,0)" Ax(t. 0). (15)
1
k=1
Section IV-B presents the results of the parameter estimation
and the corresponding model.

B. FEEDBACK LINEARIZATION

In this section, the method of feedback linearization is applied
to the nonlinear model derived in the previous section. This
transformation not only provides an equivalent linear system
representation by transforming the system’s states and control
variables but also decouples the dynamics of the model’s
outputs. For brevity, the method is applied directly to the
considered system, but interested readers can refer to [45]
and [46] for a more detailed and general explanation of the
method.
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Recapitulating the state-space model (9) and incorporating
the output equations hy(x) and hy(x), we obtain the following
formulation

x =1f(x,d)+ gx,d)u

Y1 ™ hy(x)
= = = 3 16
y [yz] [Tgt ha(x) (10
where the output vector y summarizes the compartment
temperatures that should be controlled.
Using the notation of Lie derivatives, the first time
derivative of the i-th output is given by

5= e, d) + gt dyul
X

= Lihi(x.d) + Lhi(x, du, i€ {1,2).  (17)

Since Lgh;(x, d) = Oforalli € {1, 2}, the first time derivative
of both outputs is independent of the inputs u. In the
absence of additional information about the disturbances d,
we assume d (t) = 0, leading to the second time derivative of
the i-th output according to:

¥i = Lehi(x, d) + LgLehi(e, d)u, i€ {1,2}.  (18)

Since LgLthi(x,d) is nonzero for both outputs, the
input-output relation is expressed in vector form as

= |:y1] _ |:Lf2h1(x,d)] N [Lgthl(x, d)} y
2 Lhy(x, d) LoLthy(x,d)
=1x,d)+J(x,d)u (19)

with the vector field I and the coupling matrix J. Assuming
that J is nonsingular, as is verified in Appendix C, and
given that the system order of the input-output dynamics (19)
matches the order of the original system (16), the system
exhibits full relative degree. Consequently, all dynamics of
the original system are observable through the input-output
dynamics, allowing the system to be expressed in Brunovsky
form:

z=Az+ By (20)

with system matrix A, the input matrix B, the state
transformation ¢(x, d) defined by

i hi(x)
y1 Lihy(x, d)
= = =o¢(x, d 21
S ha(x) o, d) @1)
»2 Lrhy(x,d)
and input transformation for the virtual inputs v given by
v=Ix,d)+J(x,d)u. (22)

It is important to note that both transformations can be
inverted. The inverse of transformation (21) exists and is
denoted as ¢~'(x,d), and since J(x,d) is assumed to be
nonsingular, the inputs # can be calculated from the virtual
inputs v as follows:

u=J'x,d)y—Ix d). (23)
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This transformation results in a linear and fully decoupled
system with respect to the virtual inputs v, where each virtual
input independently controls one output through a chain of
integrators. This property becomes evident when applying the
Laplace transformation to (20), yielding the transfer function
matrix G(s):

Y [1/s2 0
65 = o = [ . /sz}, 24)

where s is the Laplace variable. As a result, the virtual inputs
v enable independent control of the two outputs, ensuring
that each input affects only its corresponding output without
influencing the other.

The following section presents a decoupling controller that
leverages the decoupled linear system derived here.

C. 2DOF CONTROLLER

In this section, we introduce a 2DOF controller, as illustrated
in Fig. 2. The control law comprises a feedforward trajectory
planning, a feedback controller, and an input transformation
from the virtual inputs v to the inputs u.

—

Input
transformation
(III-C3)

Yref,1 3
~—» Trajectory
Yref2 planning
225 (WI-Cl)

Refrigeration
system

Yy

FIGURE 2. Visualization depicting the control architecture of the 2DOF
controller. Section numbers providing detailed information are given in
brackets.

1) TRAJECTORY PLANNING

The temperatures inside the compartments should follow a
predefined trajectory y4, such as during the initial cooldown
or when new target temperatures are set. In general, any
sufficiently smooth trajectory y4 can be chosen here. For the
system considered, both output trajectories must be at least
once continuously differentiable to ensure a realizable state
trajectory x4, which is obtained by applying the inverse state
transformation given in (21):

xa(t) = ¢ (4, d),

The virtual inputs v required to realize this trajectory are
given by

2d(t) = [ya1, Yd.1» Ya2, ya2l'. (25)

vir(t) = a1, Ya21", (26)

which may be discontinuous but finite. In this work,
the desired trajectories are constructed by applying a
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second-order filter to the desired temperature values of the
compartments Y,or = [Vref.1, Yref.2] :

t250.1(0) 4+ 20 T3a.i() + ya.i(t) = Veeri(t), i€ {1,2}

27)

with the time constant 7; and the damping factor A;. By uti-
lizing the inverse input transformation (23) and applying the
feedforward control law (26), the desired trajectory will be
precisely tracked in the absence of model errors, unknown
disturbances, and deviations from the initial conditions.
Moreover, even in the presence of sufficiently small model
uncertainties, unknown disturbances, or deviations from the
initial conditions, the system will remain in the vicinity of
the desired trajectory, as proven in [47]. To eliminate these
tracking errors, a feedback controller is added to the control
law.

2) FEEDBACK CONTROLLER

The tracking errors, e; and e, of the two compartment
temperatures are defined as the difference between the
desired temperature trajectory and the actual temperature:

ei(r) = ya.i(t) = yi(0), ie{l,2}. (28)

To correct for these errors, we employ a PID controller [48]
for each output, prescribing the feedback action vg, =
Vib,1. viv2]", given by

t
viv,i(t) = Kp jei(r) +/ Kiei(t)dr +...
0

_de,-(t) 1

—,i e {1,2}. 29
D.i dt Tris+1 Ped ) (29)

3) INPUT TRANSFORMATION
The virtual control inputs v are obtained by combining the
feedforward and feedback controllers:

v(t) = vir(t) + vip (). (30)

However, since v cannot be directly applied to the system, the
inverse input transformation (23) must be applied to obtain
the actual inputs u. Up until now, the physical limitations
of the actuators, specifically the minimum and maximum
compressor speeds of the cooling cycles, have not yet
been considered. As a result, the input transformation could
potentially violate these constraints. Rather than clipping
the transformed control variables, which would compromise
the decoupling achieved by the proposed control scheme,
we present an alternative approach.

To minimize deviations between the virtual inputs v
obtained from the control law in (30) and the virtual inputs
that account for actuator constraints, v..,, we define the
following quadratic cost function L:

1
L= E[Vcon - V]TW[Vcon -], 3D

where W is a diagonal weighting matrix. By applying
the input transformation (22) to the constrained virtual
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inputs, the optimal inputs u can be determined to minimize
deviations from the desired inputs while satisfying the
actuator constraints:

1
u =arg min—u Hu + F'u
u 2
S.L.Umin = U < Umax (32)
with

H=Jxd)'WJxd)
FY =1, d)"WIx,d) —vIWJ(x,d), (33)

where wumin and wupm,x correspond to the minimum and
maximum compressor speeds, respectively.

The weighting matrix W allows prioritization of minimal
deviations from a specific desired virtual input v, thereby
prioritizing tracking one compartment temperature over the
other when actuator constraints are active. When input
constraints are inactive, the optimal inputs u correspond to the
input transformation in (23) applied to the control law in (30).

D. PI CONTROLLER

For comparison with the proposed control scheme, a simple
PI controller is used. Hence, both controllers have a similar
feedback structure and complexity, as they both employ a
PI/PID controller for feedback. The PI controller is adopted
from the one used in the vapor compression cooling cycle
of the test bed, which is described in the next section.
This cooling cycle, along with its respective controller,
is commercially used in the industry and thus represents an
industry standard.

However, since PI controllers are only applicable for
single-input single-output (SISO) control loops, i.e., loops
with one input and one output, two separate control loops
are designed, each assigning one input to a corresponding
output. A logical choice is to have the compressor of cooling
cycle 1 control the temperature inside the MT compartment,
while the compressor speed of cooling cycle 2 controls the
temperature of the LT compartment. Therefore, the control
law of both PI controllers is given by:

t
upri(t) = Kpei(t) + / Klleit)dt, ie{l,2} (34)
0
with the controller parameters Klf, Il and KII’) lI

IV. EXPERIMENTAL EVALUATION

This section presents the experimental evaluation of the
proposed multi-temperature transport system and its control
scheme.

A. EXPERIMENTAL SETUP

Following the system architecture proposed in Section II,
a test bed of the system is built (see Fig. 3), with
its components specified in Table 1. The setup includes
two commercially available vapor compression cooling
cycles [49], intended for single-temperature applications.
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MT glycol
loop

Coolin

©) LT glycol
cycle

loop

Cooling cycle 1

BN

LT compartment [~ .

FIGURE 3. Overall view of the test bed (a), detailed view of cooling
cycle 2 (b), and a top-down view of the test bed with its key components
highlighted and labeled (c).

To accommodate the system architecture, the condenser of
cooling cycle 2 is modified from a refrigerant-to-gas to
a refrigerant-to-liquid configuration, and glycol loops are
added. For the LT compartment, an insulated wooden box
is used, while the MT compartment utilizes a smaller plastic
container with less insulation. Although insulation and size
of the compartments may vary in transport applications, this
test bed effectively captures the overall system dynamics.
Each compartment contains an electric heater to impose
disturbance heat flows. All components are placed inside
a climate chamber, enabling experiments under different
ambient conditions.

The test bed’s software is developed in MATLAB/
Simulink [53] and executed on a dSPACE MicroLabBox [51],
which interfaces with the system’s sensors and controls
its actuators. To implement the proposed continuous-time
control system on the hardware, it is discretized using
a fixed sampling time 7 during C-code generation for
the MicroLabBox [54]. Since the sampling time is chosen
significantly faster than the system dynamics, the effects of
discretization are negligible. A PC manages the experiment
and records the measurement data. The schematic illustrating
the data processing and acquisition workflow is shown in
Fig. 4.

B. CONTROLLER PARAMETRIZATION
Based on a training dataset acquired from open-loop
experiments, the parameters of the control-oriented model
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TABLE 1. Test bed specifications.

Component Details
MT compartment:
Description Intermediate bulk container (IBC) [50]

120cm x 100 cm x 115 cm
1000 L

Inner dimensions
Volume
LT compartment:

Description Self-build insulated box
Inner dimensions 120 cm x 160 cm x 180 cm
Volume 3456 L

Cooling cycle 1:
Type ecos M24 [49]
Refrigerant R290 (propane)

Refrigerant charge  140g
Cooling cycle 2:
ecos M24 [49] (with condenser
for refrigerant-to-liquid setup)
Refrigerant R290 (propane)
Refrigerant charge  147g
Glycol loops:
Fluid Ethylene glycol water solution (35 vol%)

Type

Data Acquisition:
Real-time system MicroLabBox [51]
Sampling time T 0.1s
Temperature measurements:

Sensors Dallas DS18S20 [52]
Accuracy +0.5°C
MicroLabBox

CAN 2

< = Control device - Cooling cyle 2
CAN

Control device - Cooling cyle 1

\ Am

<
<

A [
LAN

Used for: npy, |
Used for: nepr

Temperature
Sensors

PC: Monitoring, control, -
and data recording

Compressor
controller [—

FIGURE 4. Schematic of the data acquisition and processing system for
the test bed. The MicroLabBox communicates with the system
components via a local area network (LAN) and two controller area
networks (CAN).

are estimated using the method described in Section III-A.
A validation experiment, shown in Fig. 5, confirms the
accuracy of the model with the estimated parameters. During
this validation experiment, the disturbances acting on the
system d are held constant at d = [26°C, OW, 1000W]. The
model’s fit to the measurements (in percentage) for each state
xi, 1 € {1, 2,3, 4} is quantified based on the normalized root
mean squared error (NRMSE), as defined in [55]:

N A (¢ 2
Fit,:[l—\/ - 2 kel x,(f) ' :|x100%,
Zk:l [xmeas,i([k) - xmeas,i(tk)]
(35)
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=010p . . . . . .
0 20 40 60 80 100 120
6\ 20 B
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FIGURE 5. Validation experiment with prescribed inputs and comparison
of measured states and model states. The model’s fit to the measurement
data is shown for each state.

where Xmeas represents the arithmetic mean of the measured
states. The numerical values of the estimated parameters  are
given in the Appendix B.

Table 2 lists the parameters of the 2DOF controller.
For trajectory planning, identical parameters are used for
both outputs, ensuring no overshoot and a time constant
compatible with the actuator limitations and the relatively
slow dynamics of the thermal system. Although faster
trajectory tuning would be possible, it could lead to frequent
actuator saturation during operation, making it infeasible
to follow the desired trajectory and thereby compromising
control performance. Using the MATLAB PID tuner [56],
the feedback controller is tuned for a faster response in the
MT compartment. This approach was chosen because an
aggressive LT controller would amplify interference more
significantly than an aggressive MT controller in the case of
imperfectly decoupled dynamics. For the optimization-based
input transformation, two approaches are considered for the
weighting matrix W: one with higher weights on deviations
from the MT compartment temperature trajectory (W),
and one with higher weights on deviations from the LT
compartment temperature trajectory (Wy). This results in
two different controllers, denoted as 2DOF,; with W ,; and
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TABLE 2. Parameter values of the 2DOF controller.

Parameter Value Unit
Trajectory planning:
T1,7T2 200 S
A1, A2 1 -
Feedback control:
Kp 2.5-1073 s™2
Ki, 9.10-¢ s73
Kbp.i 0.05 st
Tf, 1 35 S
Kp» 4.1074 s—2
K1 6-10"7 s3
Kpo 0.02 st
T 90 s
Input transformation:
WUmin 1500 rpm
Umax 4500 rpm

Wme  diag([101°,108])
Wy diag([108,1010]) -

Solver quadprog [57] -

2DOF;; with Wy, which only differ when actuator constraints
are active by prioritizing the tracking of one compartment
temperature over the other.

The parameters of the PI controller used for comparison
are adopted from the one integrated into the test bed’s
vapor compression cooling cycle, with Krlili = —700 and
Kf} = —4 for both control loops i € {1, 2}.

C. CONTROLLER RESULTS

Two experiments are conducted under different ambient
conditions to evaluate the controllers: one at 15°C and the
other at 25°C. During the experiment, random reference steps
for the compartment temperatures are imposed. Care was
taken to ensure that the experiments start under equivalent
temperature conditions for each controller. The desired
trajectories are initialized by applying the transformation (21)
to the measured state vector and disturbances at the start.
Due to the good insulation of the LT compartment and the
requirement that temperatures should not fall far below the
freezing point - since the test bed was not designed for such
conditions - a 1000 W heating load is permanently active in
the LT compartment using the electric heater. This heat load,
along with ambient temperature measurements, is included in
the disturbance vector d considered by the control law. The
experimental results are presented in Fig. 6.

Figures 6a, b show the most important measured quantities
of the two experiments over time. The results of the 2DOF
controller, tuned for accurate temperature tracking of the MT
compartment, are shown in purple, while the configuration
prioritizing the LT compartment is depicted in green. The
results of the PI controller are represented in gold. During
the second experiment (Fig. 6b), external disturbances are
introduced via the electric heaters inside the compartments.
These disturbances, which were not included in the distur-
bance vector d and are therefore unknown to the controllers,

86976

are highlighted by orange markers, indicating both their
duration and amplitude. For most of the experiments, both
compartments are net cooled below ambient temperature.
However, during experiment 1 (Fig. 6a), the MT compartment
is heated above ambient temperature for certain periods.

Figure 6¢ shows two sections of the first experiment in
detail, highlighting the system’s response to reference steps
for the two compartment temperatures. For the displayed time
periods, the root mean squared errors (RMSE) are provided,
calculated as

RMSE; = \/sz:l[)’meas,i(tk) — ya,i(1)]? ’

ng

i€ f{l,2},

(36)

where the samples 7, k € {l,...,nx} are taken from the
shown periods.

Furthermore, Fig. 6d presents the RMSE values for both
experiments, where the time series data has been divided into
seven intervals Z;, i € {l,2,...,7} to allow for a more
detailed analysis. These intervals, highlighted in Fig. 6a,b, are
grouped into two categories: those where control actions are
significantly restricted by actuator constraints (shown on the
right of Fig. 6d and marked with *), and those where they are
not (shown on the left). The average RMSE for the intervals
largely unaffected by actuator constraints is provided, while
computing the average for the other intervals is not sensible
due to the large variations in RMSE values.

1) REGULAR INTERVALS

In intervals not significantly impacted by actuator limits, the
controllers generally perform well in tracking the reference
values. The two 2DOF controllers perform similarly in
these intervals, as their control laws are identical when no
actuator constraints are active. However, notable differences
are evident when comparing them to the PI controller,
which shows substantial tracking errors, as seen in both
the time-series data and RMSE values. The RMSE values
remain relatively consistent across intervals 7, 73, and
T4, except for Z7, where larger deviations occur due to
unknown disturbances introduced in this interval. Despite
this, all controllers manage to compensate for the unknown
disturbances. On average, across these four intervals, the
proposed 2DOF controllers significantly reduce temperature
deviations compared to the PI controller, achieving RMSE
reductions between 40% and 77%.

The advantage of the 2DOF controllers stems from their
decoupling control law, as particularly evident in Fig. 6c.
For the 2DOF controller, a reference change in either the
MT or LT compartment affects only the corresponding
compartment temperature, while the other remains largely
unaffected. In contrast, the PI controller does not account
for the system’s coupled dynamics, leading to significant
deviations from the desired compartment temperatures. This
effect is especially noticeable for the reference step of the LT
compartment, as the inherent coupling causes considerable
temperature deviations from the desired trajectory in the MT
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FIGURE 6. Experimental results of the three controllers, showing the full time-domain data in (a) and (b), a detailed view of selected periods from
Experiment 1 highlighting reference steps for the MT and LT compartments in (c), and the RMSE values for the intervals /;, i € {1,2,...,7} in (d).
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compartment. For the reference step of the MT compartment
temperature, the coupling effects are less pronounced due to
the chosen input-output assignment of the PI controller. The
benefits of the proposed controller are further demonstrated
in the time series data shown in Fig. 6b, particularly during the
period when unknown disturbances affect the system, leading
to an inaccurate model being used by the 2DOF controllers.
Upon the onset of the disturbance, both compartment
temperatures deviate from their references. Although perfect
decoupling is not achieved, the 2DOF controller is still able to
partially decouple the system, even with the imperfect model.
Consequently, the 2DOF controller significantly outperforms
the PI controller immediately after the disturbances affect the
system. Furthermore, during intervals with active unknown
disturbances, the 2DOF controller accurately tracks the
reference trajectories, including step changes in the reference
temperatures of both compartments, without noticeable cou-
pling effects, demonstrating the robustness of the proposed
control approach.

2) INTERVALS DOMINATED BY ACTUATOR CONSTRAINTS
During intervals when actuator constraints are active for
extended durations, temperature tracking performance varies
significantly between controllers. These constraints become
active due to rapid temperature changes required by the
desired trajectory during initial cooldown (Z; and Z5) or by
an infeasible combination of reference temperatures given the
actuator limits (Z3). During these intervals, the differences
between the two 2DOF controllers are apparent due to the dif-
ferent prioritization in the input transformation. During initial
cooldown, the prioritized compartment reaches its reference
temperature faster for both 2DOF controllers, and in cases of
infeasible reference temperatures, only the prioritized com-
partment temperature is tracked in steady state. This distinc-
tion is further reflected in the RMSE values for both 2DOF
configurations, with the RMSE for the prioritized compart-
ment being significantly lower than for the non-prioritized
one. In the intervals dominated by actuator constraints, the
PI controller performs similarly to the 2DOF; controller.

During interval Z3 of experiment 1, the subordinate
compressor speed controller malfunctioned with the 2DOFy
controller, preventing the speed from reaching the minimum
of 1500 rpm. As aresult, the speed remained slightly higher at
1550 rpm, which explains the differences in MT compartment
temperature between the PI and 2DOFj; controller during
this interval. Furthermore, in experiment 2, the refrigeration
system’s power supply reached its power limit at times with
both the 2DOF); and PI controller. This is evident in interval
Is and, for a short period, in Z7, where the power limit
prevented the compressor from reaching its maximum speed
despite being prescribed by both controllers. This issue was
resolved for the remainder of the experiments.

V. DISCUSSION
The proposed multi-temperature refrigeration system signifi-
cantly reduces refrigerant charge compared to conventional
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systems with similar cooling capacity [58], [59], [60].
This reduction is achieved through an indirect architecture
utilizing glycol cycles, enabling a compact cooling cycle
design. Furthermore, this compact design offers two key
advantages: first, it facilitates hermetic sealing of the
cooling cycle, effectively preventing refrigerant leakage.
Second, it simplifies assembly and maintenance due to the
absence of refrigerant lines distributed to the compartments.
As a result, the cooling cycle can be preassembled in the
factory rather than during the assembly of the transport
system, such as in a refrigerated vehicle. This not only
enhances safety - particularly given the use of propane
as a refrigerant - but also reduces installation costs by
eliminating the need for a thermal technician during final
assembly.

Furthermore, the proposed architecture enables efficient
heating of the MT compartment, which may be necessary
at low ambient temperatures. Conventional systems typically
rely on electric heaters inside the heat exchanger, which are
inefficient. In contrast, the proposed design utilizes waste
heat from cooling cycle 2 to heat the MT compartment.
Additionally, this heating mode can be used for defrosting
the heat exchanger, which is a major challenge in refrigerated
transport systems, as defrosting accounts for a significant
portion of their total energy consumption [61], [62].

While the test bed may differ from real-world refrigerated
transport systems in size, insulation, and housing, the
results confirm the system’s feasibility. Although some time
constants may vary, the overall system dynamics are well
captured, allowing insights into system performance and
effective evaluation of the control scheme. For deployment
in applications of different scales, model and controller
parameters would need to be adapted to the specific target
system. Nonetheless, the underlying control structure and
methodology are inherently scalable and remain transferable
to systems of different sizes.

Furthermore, the proposed 2DOF control concept demon-
strates excellent performance and effectively decouples the
output dynamics through feedback linearization, as exper-
imentally validated on the test bed. As a result, the
desired compartment temperatures are accurately tracked
and temperature deviations in the compartments are sig-
nificantly reduced compared to a non-decoupling control
concept.

An additional advantage of the control scheme is its
ease of tuning. First, unlike other multivariable control
approaches, the proposed scheme can be tuned using SISO
control loops due to the decoupling achieved via feedback
linearization. This is generally preferred, as tuning SISO
loops is considerably simpler than tuning a multi-input-multi-
output (MIMO) system with multiple inputs and outputs [63].
Second, the 2DOF control structure allows for independent
tuning of the response to reference temperature changes
and disturbance rejection. For example, if goods require
a slow cooldown from ambient temperature to prevent
thermal shock - which could potentially damage them
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- the control scheme can accommodate this requirement
while still maintaining an aggressive disturbance rejection
strategy. Third, the control law can be adjusted to prioritize
temperature tracking in one compartment over another or
to maintain equal priority between compartments. This
flexibility enables customization of the control strategy based
on specific application needs.

One limitation of the proposed 2DOF controller is its
dependence on an accurate system model, unlike model-free
approaches such as the PI controller used for comparison.
While the model used in this work is relatively simple,
it captures the essential system dynamics and has proven
sufficiently accurate to ensure good control performance.
At the same time, it maintains low computational complexity
and allows for straightforward parameterization, requiring
only limited experimental measurement data. Although
more detailed models of vapor compression cycles [64],
compartment walls [42], and specific exogenous disturbances
such as solar radiation [65] or compartment door open-
ings [66] are available, the proposed framework allows for
their straightforward integration if higher modeling accuracy
is required.

Furthermore, the control strategy itself is deliberately kept
simple, employing a basic 2DOF structure with straightfor-
ward trajectory planning and PID-based feedback control.
This results in a minimal computational load, enabling
real-time implementation on the test bed and demonstrating
the feasibility of the approach for deployment in real-
world multi-temperature transport systems. In contrast, more
advanced strategies such as trajectory planning methods that
account for actuator constraints or energy consumption [67],
[68], and MPC schemes that anticipate future system
behavior [69], [70], typically demand significantly higher
computational resources. Nonetheless, if more sophisticated
methods are required, they can be integrated into the proposed
control framework based on the feedback-linearized system
developed in this study.

Future extensions of this work could involve integrating
the system’s energy consumption into the control law, thus
transforming the problem into a multi-objective one. In
this context, trajectory planning should aim not only to
reach the desired compartment reference temperatures with
specified dynamic behavior, but also to minimize energy
consumption during the transition. This multi-objective prob-
lem could be addressed using optimization techniques, such
as dynamic programming [71]. Furthermore, incorporating
the ability to deactivate cooling cycles and adjust fan
and pump speeds could broaden the system’s operating
range, thereby enhancing the flexibility of the control
scheme - an aspect that should be investigated in future
research.

VI. CONCLUSION
This work presents a novel refrigeration system and control
strategy designed to enhance efficiency, reliability, and
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sustainability in multi-temperature transport systems. The
proposed indirect refrigeration system, utilizing glycol loops
for each compartment, enables a compact cooling cycle
design, significantly reducing refrigerant charge and leakage
potential and thereby minimizing the environmental impact
of refrigerant emissions.

By applying feedback linearization to a nonlinear model
of the refrigeration system, a 2DOF controller is designed
to eliminate the coupled dynamics of the compartment
temperatures in the closed loop. The control scheme includes
a trajectory planning algorithm and a feedback controller
to mitigate tracking errors. Actuator constraints are directly
considered in the control scheme, allowing the prioritization
of one compartment’s temperature control when accurate
tracking of both is not feasible.

Experimental evaluation of the 2DOF controller on
a dedicated test bed demonstrates that deviations in
compartment temperatures can be significantly reduced by
mitigating the system’s coupled dynamics. Specifically,
during normal operation - where reference steps in com-
partment temperatures were imposed and the system was
subjected to unknown disturbances - temperature deviations
were reduced by 40% to 77% compared to a conventional
PI controller. Consequently, the risk of damage or loss
of goods due to inadequate temperature conditions during
transport is minimized. Ultimately, the proposed refrigeration
system and control strategy enhance sustainability and reduce
the environmental impact of multi-temperature transport
systems.

APPENDIX
A. ABBREVIATIONS
The following abbreviations are used in this manuscript:

2DOF Two-degree-of-freedom.

CAN Controller area network.

DX Direct expansion.

GWP Global warming potential.

HFC Hydrofluorocarbon.

IDX Indirect expansion.

LAN Local area network.

LT Low temperature.

MIMO Multi-input-multi-output.

MPC Model predictive controller.

MT Medium temperature.

NRMSE Normalized root mean squared error.
PID Proportional-integral—derivative.
RMSE Root mean squared error.

SISO Single-input single-output

B. PARAMETER VALUES
The estimated model parameter values obtained from exper-
imental data are presented in Table 3.
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TABLE 3. Model parameter values.

Parameter Value Unit

cm 1.20- 103 JK!

Ch 4.20 - 103 JK!
cm 8.75 - 10" JK—!

ct 8.46 - 10* JK-!
Km 185 WK!
Kt 198 WK1
Kot 59.8 WK1
K 16.0 WK—!
a1,1 —0.02908 WK lrpm~!
a1 0.0552 WK~ rpm~!
as,1 —5.32 W rpm~!
a1 —0.00636 WK~!rpm~!
Qg 2 0.0320 WK1 rpm~1!
Qasg 2 —6.43 W rpm 1
B1,2 —0.0262 WK~ Irpm~!
B2,2 0.0639 WK~! rpm~1!
5372 —8.44 w rpmfl

C. NONSINGULAR COUPLING MATRIX
By applying the method described in Section III-B, the
coupling matrix is computed as

J@x.d)
—KM o 1 Taton 1 T +a31)  KPUB1 2T +B2 2Ty +B3 2)
- 0 —KC“((X],2T;l+a2‘2Tglt+0l3,2)
C{lglcél

(37

To determine when the coupling matrix J is singular, its
variables 7™, Tg“, and T, are bounded within a physically
reasonable range between —10°C and 30°C. To check for
singularities, the determinant of the coupling matrix is
computed and set to zero, i.e.,

det J(x,d) = 0. (38)

Inserting the parameter values given in Table 3, yields the
following linear problem:

15.9 7" — 8.58 T, = 1530
—37 T +18 Té‘ = 3700

st 263.15K < TM T3, T, <303.15K.  (39)

Since this linear problem is infeasible, there is no combina-
tion of variables that satisfies the singularity condition (38).
Therefore, the coupling matrix J remains nonsingular within
the defined operating region, validating the assumption of a
nonsingular coupling matrix for the system.
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