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Abstract: 
Organic Rankine cycle is a promising technology for waste heat recovery on heavy-duty 
vehicles. However, the waste heat from internal combustion engines of heavy-duty 
vehicles is characterized by large fluctuations in mass flow rate and temperature, which 
may lead to failures of the organic Rankine cycle system. Therefore, it is of crucial 
importance to develop a suitable control strategy ensuring safe operation and high 
performance of the organic Rankine cycle system. The objective of the present paper is 
to develop a simple and robust proportional integral derivative controller for an organic 
Rankine cycle system recovering the waste heat on a long-haul truck. The exhaust data 
considers 45 minutes operation of a 450 hp diesel engine of a long-haul truck. A dynamic 
model was developed in the object-oriented language, Modelica. The dynamic response 
of the organic Rankine cycle unit for open loop operation was analysed to develop the 
input and output data for the tuning of the controller. Two different control strategies 
ensuring the superheat at the expander inlet was developed: i) manipulation of the pump 
speed and an engine exhaust gas valve, and ii) manipulation of the pump speed and a 
valve located at the inlet of the expander. The controllability and performances of the 
controllers were evaluated using the exhaust data. The results indicate that both of the 
control strategies ensure at all times the superheat at the expander inlet. The second 
control strategy results in 10.8% more net power output and 12.7% higher thermal 
efficiency compared with the organic Rankine cycle unit employing the first control 
strategy. Furthermore, the efficiency of the truck engine is increased by 2.34% for organic 
Rankine cycle unit employing the first controller and 3.82% employing the second 
controller.  
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1. Introduction 
The road transportation has a significant share in global energy consumptions and CO2 emissions. 
Nevertheless, more than one third of the input fuel energy to internal combustion engine (ICE) is 
discarded as waste heat to the environment. The thermal efficiency of modern internal combustion 
engines have already reached to their maximum value and only marginal increments are possible [1]. 
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Waste heat recovery from internal combustion engines can improve the engine thermal efficiency, 
reduce fuel consumption, and mitigate CO2 emission [2]. Organic Rankine Cycle (ORC) is a 
promising technology for waste heat recovery applications and it is expected that the use of an organic 
Rankine cycle unit can improve the fuel economy of a truck by 3-5% [3]. The working principle of 
the ORC is similar to that of a conventional steam Rankine cycle; instead of water the ORC unit uses 
low boiling point fluid as working fluid.  
The waste heat from the ICE of heavy-duty vehicles is characterized by large fluctuations in mass 
flow rate and temperature. Such transient events may lead to the overheat or decomposition of the 
working fluid of the ORC, damage of the expansion machine due to liquid droplets, component failure 
of the ORC due to stalling or temperature shocks, and operational difficulties of the emission-contro l 
system during start-up and shutdown. In order to resolve these barriers, it is of crucial importance to 
investigate the dynamic behaviour of the ORC system and develop a suitable control strategy ensuring 
safe operation and high performance of the ORC system. 
Over the past few year the analysis of the dynamic performance and control of ORC systems aiming 
at system safety and performance improvement have received increasing attention [4]. Peralez et al. 
[5] and Zhang et al. [6] presented a literature review on different ORC system architectures and 
control strategies used for heavy-duty vehicles. Quoilin et al. [7] presented three different control 
strategies based on a Proportional Integral (PI) controller for an ORC system recovering the waste 
heat of a ICE. The pump and expander speed (a scroll expander was used) were used as control 
variables while the process variables were the evaporation temperature and degree of superheat. 
Luong et al. [8] developed a load-following control strategy for an ORC system that recovers the 
waste heat of a heavy-duty diesel powertrain. Three independent PI controllers controlled the 
evaporation pressure, condensing pressure, and the load demand. The mass flow rate of the sink fluid 
and two throttle valves were selected as manipulated variables. J. Zhang et al. [9] investigated the 
dynamics of an ORC system in waste heat utilising processes and established a physical model of a 
100 kW ORC system. They proposed a multivariable control strategy by incorporating a linear 
quadratic regulator with the PI controller. The performance of their proposed multivariable control 
strategy was demonstrated in a simulation. Torregrosa et al. [10] performed experimenta l 
investigation and developed a PI based controller for a bottoming ORC unit integrated in a 2 L 
turbocharged gasoline engine using ethanol as working fluid. The results suggest that by the use of a 
simple and robust control based on an adaptive proportional integral derivative (PID) controller, the 
dynamic effects of an ORC unit can be taken into account. In the aforementioned studies, the step 
change in the disturbance variables are small, including changes far less steep and large as those 
occurring during real driving conditions. Recently, advance controllers have been developed for the 
optimized and safe operation of the ORC system [11–13]; however, these controllers are based on 
physical models requiring extensive computational effort. In addition, also these studies were limited 
to consider small step changes of the disturbances.  
Simple and robust controllers based on PID controllers can effectively handle the transient 
disturbances, but the implementation of such controls based on transient data for real driving cycles 
are scarce in the literature, if at all existing. To the best of the authors’ knowledge, none of the 
previous studies considered the control of an ORC system for highly transient engine exhaust data of 
a real driving cycle. There are a few studies  also considering engine exhaust data of a driving cycle, 
but these considered a short duration (less than 100 seconds) and did not include the highly transient 
events commonly occurring in practice (e.g. a 96% change in mass flow rate in a second).   
The objective of the present paper is to develop a simple and robust PID controller for an ORC system 
recovering the waste heat of an ICE on a long-haul truck. Real exhaust data of a diesel engine of a 
long-haul truck was used. A dynamic model was developed in the object-oriented language, 
Modelica, using easily exchangeable components from the Thermocycle library. The dynamic 
response of the ORC unit for open loop operation was analysed to develop the input and output data 
for the tuning of the controller. Two different control strategies ensuring the superheat at the expander 
inlet was developed: i) manipulation of the pump speed and an engine exhaust gas valve, and ii) 



manipulation of the pump speed and a valve located at the inlet of the expander. The controllabi lity 
and performances of the controllers were evaluated based on the exhaust data. 
Paper is divided into 6 sections. The introduction and literature review is provided in section 1. The 
system description and design is discussed in section 2. The dynamic model and control approach are 
presented in section 3 and 4 respectively. Section 5 provides detailed results and discussion. Finally, 
the concluding remarks are presented in section 6.   

2. System description 
The waste heat is recovered from the exhaust gas of a 450 hp diesel engine of a long-haul truck. It is 
13 L Euro 6 engine using a Selective Catalytic Reduction (SCR) system; Exhaust Gas Recirculat ion 
(EGR) is not used. A schematic of the waste heat recovery system is shown in Figure 1. 

The design point was selected based on experiences shared by a truck manufacturer. The operating 
conditions of the engine in the design point are shown in Table 1 (the data were provided by the truck 
manufacturer). Since purpose of the present work is to develop a suitable control strategy for the ORC 
unit (rather than designing an ORC system), the ORC design is taken from our previous work [16].  

 
Figure 1: The schematic of the organic Rankine cycle system. 

The design point of the ORC unit with R245fa as working fluid is presented in Table 1.  

Table 1: Design point of the ORC unit for waste heat recovery from diesel engine. 
Heat source Working fluid 

Mass flow 
rate 

(kg/s) 

Temperature 
(K) 

Evaporation 
temperature 

(K) 

Condensation 
temperature 

(K) 

Degree of 
superheat 

(K) 

Mass flow 
rate 

(kg/s) 

Net power 
output 
(kW) 

0.25 590 403 313 7 0.342 8.94 

The heat source data were the engine exhaust of a 450 hp truck engine during 45 minutes of operation 
on a long-haul truck. The variation of the mass flow rate and the temperature of the exhaust gas are 
shown in Figure 2. As can be seen, the mass flow rate fluctuates much faster than the exhaust 
temperature, due to the presence of the after treatment system. For example, at one instance the mass 
flow rate varies from 0.1 kg/s to 0.42 kg/s in 12 seconds. 



 
Figure 2: Variation of the exhaust gas mass flow rate and temperature for a real driving condition. 

3. Dynamic model 
The dynamic model was developed in the Modelica language, an object oriented modelling language. 
The model consist of easily exchangeable components from the Thermocycle library [17]. The 
individual components and ORC system included in the Thermocycle library have already been 
experimentally validated against steady-state and transient experimental results from an 11 kW ORC 
system [18]. The expander inlet pressure and the net output power were reproduced with an accuracy 
below 5% and 10%, respectively. The properties of the working fluid were calculated using an 
external media library [19].  

3.1. Heat exchanger model 
For dynamic modelling of the exchanger, the two most commonly adopted approaches are the moving 
boundary layer and finite volume method. In the present study, the heat exchanger model is based on 
the finite volume method. The heat exchanger flow length is divided into “n” equal control volumes 
and the laws of conservation of energy and mass are applied for each control volume. The discretized 
1D model of the heat exchanger is shown in Figure 3.  
The momentum balance is neglected and the fluid properties are assumed only to vary in the flow 
direction. The properties of the fluid for each volume are calculated at the mean states of the two 
nodes, represented by the symbol “*” in Figure 3. For each cell, the area, mass of fluid, and volume 
is given by 

𝐴𝐴𝑖𝑖 = 𝐴𝐴
𝑛𝑛

        ;       𝑉𝑉𝑖𝑖 = 𝑉𝑉
𝑛𝑛

       ;       𝐴𝐴𝑖𝑖 = �̇�𝑚
𝑛𝑛

     ;    𝑖𝑖 = 1,2,3⋯⋯𝑛𝑛 (1) 

The mass balance for each side of the heat exchanger is given by 
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Figure 3. The discretized model of the heat exchanger. 

3.2. Expander and pump model 
Since the dynamics of the pump and turbine are much faster and their time constants are smaller than 
those of the heat exchangers, lumped models based on empirical correlations without considering the 
dynamics were used for the pump and turbine. The semi-empirical formulation of the Stodola 
equation was used to calculate the mass flow rate of working fluid through the turbine:  

�̇�𝑚𝑤𝑤𝑤𝑤,𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐾𝐾𝑒𝑒𝑒𝑒�𝜕𝜕𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒𝜕𝜕𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒 �1−�
𝜕𝜕𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒
𝜕𝜕𝑜𝑜 ,𝑒𝑒𝑒𝑒𝑒𝑒

�
−2

� (5) 

𝐾𝐾𝑒𝑒𝑒𝑒  includes the equivalent inlet nozzle cross section and the discharge coefficient, also known as 
Stodola´s constant, and is given by 

𝐾𝐾𝑒𝑒𝑒𝑒 =
�̇�𝑚𝑤𝑤𝑤𝑤,𝑒𝑒𝑒𝑒𝑒𝑒

�2𝜕𝜕𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒�𝜕𝜕𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒 − 𝜕𝜕𝑜𝑜,𝑒𝑒𝑒𝑒𝑒𝑒�
 (6) 

The isentropic efficiency of the turbine was assumed to be 85%. The enthalpy at the outlet of the 
turbine is given by 

ℎ𝑜𝑜,𝑒𝑒𝑒𝑒𝑒𝑒 = ℎ𝑖𝑖 ,𝑒𝑒𝑒𝑒𝑒𝑒 − 𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖�ℎ𝑖𝑖𝑛𝑛 ,𝑒𝑒𝑒𝑒𝑒𝑒 − ℎ𝑖𝑖𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒� (7) 
The isentropic efficiency of the pump is calculated by a third order polynomial in the form of pump 
flow fraction (also known as capacity faction), 𝑋𝑋𝑒𝑒𝑒𝑒: 

𝜂𝜂𝑖𝑖𝑖𝑖,𝑒𝑒𝑒𝑒 = 𝑎𝑎0 + 𝑎𝑎1 log�𝑋𝑋𝑒𝑒𝑒𝑒� + 𝑎𝑎2 log�𝑋𝑋𝑒𝑒𝑒𝑒�
2 + 𝑎𝑎3 log�𝑋𝑋𝑒𝑒𝑒𝑒�

3 (8) 
The pump capacity fraction is defined by 

𝑋𝑋𝑒𝑒𝑒𝑒 =
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The power consumption and outlet temperature of the pump are given by 

�̇�𝑊𝑒𝑒𝑒𝑒 =
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𝜕𝜕
�𝜕𝜕𝑜𝑜,𝑒𝑒𝑒𝑒 − 𝜕𝜕𝑖𝑖,𝑒𝑒𝑒𝑒�

𝜂𝜂𝑖𝑖𝑖𝑖,𝑒𝑒𝑒𝑒
 (10) 

𝑇𝑇𝑜𝑜,𝑒𝑒𝑒𝑒 = 𝑇𝑇𝑖𝑖,𝑒𝑒𝑝𝑝 +
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𝑃𝑃𝑒𝑒𝑒𝑒 (11) 



3.3. Liquid receiver model 
It is assumed that the liquid and vapour phases in the storage tank are in thermodynamic equilibr ium 
at all times, i.e. the vapour and liquid are assumed saturated at the given pressure. The mass balance 
is given by 

𝑑𝑑�̇�𝑚𝑤𝑤𝑤𝑤
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3.4. Valve model 
The estimation of the pressure drop across the valve is based on a quadratic expression using the 
incompressible flow hypothesis. For incompressible flow, the mass flow rate is given by 

�̇�𝑚𝑤𝑤𝑤𝑤,𝑐𝑐𝑐𝑐 = 𝜇𝜇𝑐𝑐𝑐𝑐𝐶𝐶𝑑𝑑𝐴𝐴𝑂𝑂�𝜕𝜕𝑖𝑖𝑛𝑛𝜕𝜕𝑖𝑖𝑛𝑛𝜙𝜙 (13) 
The factor, 𝜙𝜙, is the compressibility coefficient given by 
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The factor, 𝜓𝜓, depends on the flow condition and is given by 
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4. Control of the ORC system 
The primary goal the present work is to define an efficient and safe controller for a small-scale ORC 
system for waste heat recovery from heavy-duty vehicles. The ORC system has three degree of 
freedom, namely, the speed of the working fluid pump, the expander inlet pressure (through the 
throttling valve), and exhaust gas mass flow rate (through the bypass valve). These three degree of 
freedom have very different time constants.  
A PID controller was used to maintain the set point of the superheat. The derivative action is based 
on the rate of change of the error, giving a controller that responds fast to changes of the heat source 
conditions. The control signal of the PID controller is given by 

𝐶𝐶𝐶𝐶(𝜕𝜕) = 𝐾𝐾𝑒𝑒 �𝑠𝑠(𝜕𝜕) +
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𝑡𝑡
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𝑑𝑑𝜕𝜕 +
1
𝑇𝑇𝑑𝑑

𝑑𝑑𝑠𝑠(𝜕𝜕)
𝑑𝑑𝜕𝜕

� (16) 

The dynamic response of the open loop ORC system was used to develop the input and output 
response of the ORC system under active disturbances of the exhaust gas conditions. The input and 
out data from the open loop response was used to tune the PID controller using the built in PID tuner 
application in MATLAB [20]. The working fluid decomposition temperature and the condensation 
temperature of the working fluid define the permissible range of the degree of superheat for the ORC 
system. The set point of the superheat at expander inlet is set to 20 K. 
In the first control approach, a pair of PID controllers controls the superheat at the expander inlet. 
The speed of the pump and the opening/closing of the exhaust gas bypass valve were chosen as 
process variables, while the degree of superheat was selected as control variable. The opening of the 
exhaust bypass valve results in that less energy of the exhaust gas may be recovered, deteriorating 
the overall performance of the system.  
In the second control strategy the valve at the expander inlet replaces the exhaust gas bypass valve. 
The evaporator outlet pressure and pump speed were selected as process variables, while the degree 
of superheat was selected as control variable. The control strategy of the ORC system is shown in 
Figure 4.  



 
Figure 4: The controller layout a) first control strategy b) second control strategy. 

5. Result and discussion 
5.1. Dynamic response 
The variation of the process variables, namely, the working fluid mass flow rate, expander inlet 
pressure, and the degree of superheat are shown in Figure 5. The variation in the mass flow rate of 
the working fluid and expander inlet pressure follows the same trend as the exhaust gas mass flow 
rate. Most of the time, the working fluid at the expander inlet is in the two phase state. The dynamic 
response of the ORC system under open loop operation was analysed for transient heat source 
conditions for 2700 seconds (45 minutes). The variation of the mass flow rate of the working fluid, 
expander inlet pressure, and degree of superheat at expander inlet along with the input disturbances 
(transient heat source conditions) were used to identify the plant data and tune the PID controller in 
MATLAB.  



 
Figure 5: Dynamic response of the open loop ORC system under transient heat source conditions. 

5.1. Control strategy 
The variation of the manipulated variables and control variable for 500 seconds of simulation are 
presented for the first controller in Figure 6. As the superheat increases, the controller increases the 
mass flow fraction of the working fluid passing through the evaporator. Consequently, the degree of 
opening of the exhaust valve increases with the degree of superheat.  
A value of 0 indicates that the exhaust gas by pass valve is completely closed, while a value of 1 
indicates that the valve is fully opened. When the degree of superheat decreases, the controller 
decreases the mass flow fraction of the working fluid and a second PID controller decrease the degree 
of opening of the exhaust gas bypass valve. 



 
Figure 6: The variation of the process variable and manipulated variables for the first control 

strategy. 

The response of the second control approach under the transient heat source conditions is shown in 
Figure 7. The control response of the pump in the second control strategy is similar to that of the first 
control strategy. In order to change the degree of superheat, the controller adjusts the mass flow 
fraction of the working fluid. It is worth noting that a slight closing of the valve increases the degree 
of superheat significantly. For the 500 seconds simulation, the control of the degree of superheat is 
achieved by just closing the valve by 1% to 20%.  
 



  
Figure 7: The variation of the process variable and manipulated variables for the second control 

strategy.  

The controller performance and comparison is shown in Figure 8 for 2700 seconds of simulation (left 
figure). Since it is hard to distinguish the variation between the performances of the two controlle rs 
for 2700 seconds of simulation, the simulation results for 300 seconds is also presented in Figure 8b. 
The control of the superheat at set point of 20 K was achieved successfully for both the control 
strategies for the complete simulation period of 2700 seconds. However, it as it can been seen in 
Figure 7b the second controller tracks the set point more effectively than the first controller.  For the 
first controller, the superheat remains higher than the set point during 42% of the simulation time. 
 



 
Figure 8: Tracking of the set point, left: simulation for 2700 seconds, right: simulation for 300 

seconds.  

A comparison of the two control strategies at system level is presented in Table 2. The comparison is 
based on the average performance of the cycle for transient heat source conditions for 2700 seconds 
(45 minutes) from the real driving conditions of a truck engine.  
The second controller outperforms the first control strategy in terms of overall system level 
performance. The use of the second controller results in 10.8% more net power, and 12.7% higher 
thermal efficiency compared with the use of the first controller. In addition, the ORC unit equipped 
with controller 2 has 45% higher engine efficiency improvement compared with the ORC unit without 
any controller.  

Table 2: Comparison of the performance of two control strategies 

Control strategy Average power 
output (kW) 

Average thermal 
efficiency 

(%) 

Average engine efficiency 
improvement 

(%) 
Without controller 7.15 8.87 2.65 
Control strategy 1 9.47 11.2 2.34 
Control strategy 2 10.62 12.8 3.82 

 
 



6. Conclusions 
The objective of the present paper was to develop a simple and robust proportional integral derivative 
controller for an organic Rankine cycle system recovering the waste heat of an internal combustion 
engine on a long-haul truck. Real exhaust data of a diesel engine of a long-haul truck was used. A 
dynamic model was developed in the object-oriented language, Modelica. The dynamic response of 
the organic Rankine cycle unit for open loop operation was analysed to develop the input and output 
data for the tuning of the controller. Two different control strategies ensuring the superheat at the 
expander inlet was developed: i) manipulation of the pump speed and an engine exhaust gas valve, 
and ii) manipulation of the pump speed and a valve located at the inlet of the expander. The 
controllability and performances of the controllers were evaluated based on the exhaust data. 
 
The following conclusions can be drawn from the work: 
 During transient heat source conditions, the variation of the working fluid mass flow rate, 

expander inlet pressure, and degree of superheat at expander inlet directly correlate with the 
exhaust gas mass flow rate. 

 For the first controller, the superheat at the expander inlet can be maintained by the speed of 
the working fluid pump and partially by releasing the exhaust gas into environment using an 
exhaust gas bypass valve.   

 For the second controller, the superheat at the expander inlet can be maintained easily and 
efficiently compared to the first controller. A slight opening of the throttle valve ensures a 
positive superheat at the expander inlet at all times. 

 The second controller outperforms the first control strategy in terms of overall system level 
performance. The use of the second controller results in 10.8% more net power, and 12.7% 
higher thermal efficiency compared with the use of the first controller. The efficiency of the 
truck engine is increased by 2.3% when employing the first controller and 3.8% when 
employing the second controller. 

Since the present work does not consider the optimization of the controller, further work will include 
the development of a nonlinear model predictive controller.  
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