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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract

This paper presents a control strategy for the steam generation process in automotive waste heat recovery systems that are based on
the subcritical Rankine cycle. The central question is how to regulate the flow of water into the evaporator such that dry steam is
generated at its outlet, subject to large variations in the heat input. Tight control of this process increases the amount of recovered
energy while ensuring safe system operation. The method consists of inversion-based feedforward combined with output feedback
on the temperature of the evaporator, which is estimated using exhaust gas measurements. As this method does not require a high
fidelity evaporator model, it is easy to implement. It is demonstrated on an experimental setup, where the exhaust flow is imitated by
electrically heated air. On an automotive driving cycle, steam was generated reliably with a superheating temperature of 10-20 [K].
c© 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the scientific committee of the IV International Seminar on ORC Power Systems.
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1. Introduction

Over 97% of the actively publishing climate scientist are convinced that global warming is caused by human
activities [1]. The majority of them agree that the mechanism behind global warming is the greenhouse effect. The
transportation sector account for 14% of the emitted greenhouse gas globally. Waste Heat Recovery (WHR) systems
increase the fuel economy of an Internal Combustion Engine (ICE), and thereby decreasing its CO2 emissions, by
converting a portion of its waste heat into useful energy. Reported fuel economy improvements range from 1 to 6% [2].
A candidate working principle for automotive WHR is the subcritical Rankine Cycle (RC) [3]. In such a system, water
is converted into steam by extracting thermal energy from the exhaust gas flow. Subsequently, the steam is fed to an
expander that generates mechanical work. Finally, the cycle is closed by condensing the steam back into water. As the
exhaust gas flow of an ICE has a reasonably low temperature, RC based WHR systems run at low evaporation pressures,
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typically up to 15 [bar]. The low pressure RC is prone to flow boiling instabilities [4], adding to the challenges of
control design.

In a RC based WHR system, steam generation is widely regarded to be the most challenging sub-process to control.
Among the challenges are the large variations in the heat input, slow dynamics of the evaporator wall and non-linearities
related to the boiling process. However, it is crucial that the produced steam is superheated as droplets cause wear in
the expander. Advanced control strategies for automotive WHR systems with organic working fluids are presented in
[5–7]. Experimental studies into the low pressure RC report great challenges regarding the design of stabilizing and
robust controllers. In [8], these stability problems are due to high input-output sensitivities, varying time delays and
unknown temperatures inside the evaporator. In [9], non-linearities and pressure-temperature coupling were pointed out
to be the main causes. Feedback control of the superheating temperature on itself could not stabilize the system in [10]
due to time delays. Similar issues were encountered in the low pressure RC of this study, leading to the avoidance of
direct feedback control on the superheating temperature altogether. Instead, even more so as in [11], the emphasis is
laid on the temperature of the evaporator itself.

This paper has three main contributions. First, the dominant behavior of the evaporator is modeled using partly linear
dynamics, enabling the application of linear model based control design techniques. The parameters of this model are
identified directly from simple experiments, such that a high fidelity model of the evaporator is not required. Second, it
is shown that the superheating temperature can be controlled indirectly with the temperature of the evaporator itself.
This is especially useful when the steam generation process is unstable or during system starts, as then there are no
consistent steam measurements available. Third, the experimental demonstration is performed extensively, including a
cold system start and a wide range of heat input frequencies. The paper is organized as follows. Section 2 presents
the control synthesis model that is identified in Section 3. Section 4 presents the controller which is experimentally
demonstrated in Section 5. Finally, conclusions are drawn in Section 6.

2. Evaporator Modeling

This section presents the evaporator model that is used for control design. More specifically, it has the the following
purposes. First, to describe the evolution of the evaporator temperature subject to variations in the heat input and water
inflow. Second, to couple the evaporator temperature to the superheating temperature at the outlet of the evaporator. Fig.
1 (a) shows a schematic representation of a once-through, counter-flow evaporator and depicts the measurements that
are assumed to be available during this study. The T stands for temperature, p for pressure and ṁ for mass flow. The
subscript g represents the exhaust gas and f the fluid side at either the inlet in or the outlet out. The ambient temperature
is denoted by Tamb. The uniform evaporator wall temperature Tevap is not directly measurable but plays a central role in
this study. The mass flow of the water flowing into the evaporator ṁ f is assumed to be controlled.
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ṁg cp
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Fig. 1. (a) Schematic representation of a counter-flow, sub-critical, flow-boiling evaporator where a working fluid (top) is evaporated by a hot gas
flow (bottom). (b) Steady state energy balance indicating the modeled heat flows and the corresponding steady state evaporator temperature.

The thermal inertia of the evaporator wall is the dominant dynamic effect as the flow dynamics of both the gas and
working fluid are much faster [12], and therefore are assumed to be in steady state. The inertia effect is captured by the
following energy balance equation:

chc
dTevap

dt
= Q̇g − Q̇ f − Q̇l, (1)

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2017.09.139&domain=pdf
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This paper has three main contributions. First, the dominant behavior of the evaporator is modeled using partly linear
dynamics, enabling the application of linear model based control design techniques. The parameters of this model are
identified directly from simple experiments, such that a high fidelity model of the evaporator is not required. Second, it
is shown that the superheating temperature can be controlled indirectly with the temperature of the evaporator itself.
This is especially useful when the steam generation process is unstable or during system starts, as then there are no
consistent steam measurements available. Third, the experimental demonstration is performed extensively, including a
cold system start and a wide range of heat input frequencies. The paper is organized as follows. Section 2 presents
the control synthesis model that is identified in Section 3. Section 4 presents the controller which is experimentally
demonstrated in Section 5. Finally, conclusions are drawn in Section 6.

2. Evaporator Modeling

This section presents the evaporator model that is used for control design. More specifically, it has the the following
purposes. First, to describe the evolution of the evaporator temperature subject to variations in the heat input and water
inflow. Second, to couple the evaporator temperature to the superheating temperature at the outlet of the evaporator. Fig.
1 (a) shows a schematic representation of a once-through, counter-flow evaporator and depicts the measurements that
are assumed to be available during this study. The T stands for temperature, p for pressure and ṁ for mass flow. The
subscript g represents the exhaust gas and f the fluid side at either the inlet in or the outlet out. The ambient temperature
is denoted by Tamb. The uniform evaporator wall temperature Tevap is not directly measurable but plays a central role in
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Fig. 1. (a) Schematic representation of a counter-flow, sub-critical, flow-boiling evaporator where a working fluid (top) is evaporated by a hot gas
flow (bottom). (b) Steady state energy balance indicating the modeled heat flows and the corresponding steady state evaporator temperature.

The thermal inertia of the evaporator wall is the dominant dynamic effect as the flow dynamics of both the gas and
working fluid are much faster [12], and therefore are assumed to be in steady state. The inertia effect is captured by the
following energy balance equation:

chc
dTevap

dt
= Q̇g − Q̇ f − Q̇l, (1)
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where chc is the lumped heat capacity, Q̇g the heat flow from the gas to the evaporator, Q̇ f the heat flow from the
evaporator to the working fluid and Q̇l the heat loss. The evaporator temperature Tevap is referred to as the system state,
as its evolution is governed by (1). The heat loss is assumed to be dominated by natural convection, represented by:

Q̇l = cl(Tevap − Tamb), (2)

were cl is the heat loss parameter. The flow Q̇g is dominated by forced convection and is modeled as proposed in [6]:

Q̇g = cpcgṁ0.8
g

(
Tg,in + Tg,out

2
− Tevap

)
, (3)

implicitly assuming a linear decrease in gas temperature over the evaporator. Here cp is the known specific heat of the
gas and cg the parameter related to the heat transfer of the gas side. The outlet gas temperature Tg,out is not regarded to
be a valid model input as it depends on the system state Tevap. In order to eliminate Tg,out from (3), a second equation is
introduced:

Q̇g = cpṁg(Tg,in − Tg,out). (4)

Equating (3) to (4) results in:

Tg,out =
Tg,in

(
ṁ0.2

g − 1
2 cg

)
+ cgTevap

ṁ0.2
g +

1
2 cg

, (5)

which can be substituted into (4) to arrive at:

Q̇g =
cpcgṁg(Tg,in − Tevap)

ṁ0.2
g +

1
2 cg

. (6)

Note that this equation only depends on the measurable characterization of the incoming exhaust gas flow {ṁg,Tg,in}
and the current state Tevap, and therefore is a valid model input. However, (6) renders the ordinary differential equation
(1) non-linear in these incoming exhaust gas flow measurements. Equation (5) can alternatively be written into:

Tevap =
Tg,out(ṁ0.2

g +
1
2 cg) − Tg,in(ṁ0.2

g − 1
2 cg)

cg
, (7)

enabling an online, measurement based estimation of the evaporator temperature, which is very useful for control
purposes. Finally, an equation for the heat flow to the working fluid is derived. It is based on the assumption that the
system is in normal operation, e.g., cold water is converted into superheated steam. In low pressure RC’s, the enthalpy
difference over the evaporator only varies slightly and therefore is assumed to be the known constant ∆h f ,0, resulting in:

Q̇ f = ṁ f∆h f , ∆h f := (h f ,in − h f ,out) ≈ ∆h f ,0, (8)

rendering the model (1) linear in the control input ṁ f , which is very convenient for control design. As non of the
unknown model parameters {chc cl cg} are related to steam production, they can be identified by fitting (1)(2)(5) and (6)
to a dry heat-up experiment, e.g., Q̇ f = 0 [kW].

Although the dynamical model does not depend on the steam conditions, it still needs to be linked to the superheating
temperature as this is the main control objective. This is accomplished by the following empirical relation:

Q̇ss
f = c10Tevap − c01T f ,sup − c00, {c10, c01, c00} > 0, (9)

meaning that, in steady state, more steam can be produced if the evaporator temperature is higher or when the required
superheating temperature T f ,sup is lower. The parameters {c10, c01, c00} are obtained by performing steady state steam
generation experiments representative for normal operation. Substitution of (2)(6) and (9) into the steady state of the
energy balance (1), so Ṫevap = 0 [K/s], results in:

T ss
evap =

c01T re f
f ,sup +

ṁgcpcgTg,in

ṁ0.2
g +

1
2 cg
+ c00 + clTamb


c10 +

ṁgcpcg

ṁ0.2
g +

1
2 cg
+ cl


−1

, (10)

describing the evaporator temperature which will approximately result in a certain superheating temperature in steady
state, given the current heat input. Fig. 1 (b) provides a schematic interpretation of (10).
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3. System Identification

Fig. 2 (a) shows the experimental demonstrator, available at Eindhoven University of Technology, that is used in this
study. The evaporator consists of 5 parallel spirals made of stainless steel tubes with an inner diameter of 6 [mm] and
an outer diameter of 10 [mm]. The diameter of a single spiral is 60 [mm] and its length is 50 [cm]. A controlled flow of
electrically heated air, with a maximum capacity of 150 [kg/h], imitates the exhaust of an ICE. Demineralized water is
pumped through the evaporator by a positive displacement pump. The mass flow of the working fluid is measured and
controlled with a gear flow meter. The steam is expanded over a valve, imitating a turbine nozzle.

The model presented in Section 2 is fitted to a heat-up and cool-down experiment of the evaporator, where the mass
flow of the air was 80 [kg/h] and no steam was generated (ṁ f = 0 [kg/h]). The top plot of Fig. 2 (b) shows a similar
experiment that is used for validation. Here the evaporator was heated-up and cooled-down dry with a mass flow of air of
30 [kg/h] and subsequently 130 [kg/h]. The middle plot of Fig. 2 (b) shows the prediction error ∆Tg,out = T meas

g,out − Tg,out

for this experiment. When the inlet gas temperature was in steady state, the Root Mean Square (RMS) prediction error
is 4 [K]. Overall, the RMS error is 7 [K] and the maximum prediction error is 18 [K]. Therefore, it is concluded that
the dominant dynamics of this particular evaporator can be represented by a lumped mass model and that (7) gives an
estimation of the evaporator temperature.

The bottom plot of Fig. 2 (b) shows that the estimation of the evaporator temperature (7) exhibits non-physical
behavior during strong transients. This is mainly a result of neglecting the residence time of the air inside the evaporator.
A Kalman filter [13], shown in Fig. 3 (a), improves the prediction of the evaporator temperature by forcing it to behave
like the identified model. The general working principle is as follows. The heat flow from the gas Q̇g (4) and to the
working fluid Q̇ f (8) are back measured, where the enhalpy difference of the working fluid is determined using IAPWS
IF-97 lookup tables. The Kalman filter computes the heat balance (1) and outputs a weighted average of this calculation
and the measurement based estimation (7). The weighted average is used as system state for the next sample time. As
can be seen in the bottom plot of Fig. 2 (b), the Kalman filter is able to mitigate the non-physical behavior (7) while
still having fast convergence to (7) when the strong transient resides.

Fig. 3 (b) shows the fit of the empirical equation (9), relating the evaporator temperature to the superheating
temperature in steady state. The RMS error of the fit is only 0.07 kW. Therefore, it is expected that the superheating
temperature can be accurately controlled by tracking the evaporator temperature.

Table 1. Parameters of the experimental demonstration.
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Fig. 2. (a) Schematic representation of the experimental setup; (b) Model validation (top, middle) and Kalman filtering effect (bottom).
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where chc is the lumped heat capacity, Q̇g the heat flow from the gas to the evaporator, Q̇ f the heat flow from the
evaporator to the working fluid and Q̇l the heat loss. The evaporator temperature Tevap is referred to as the system state,
as its evolution is governed by (1). The heat loss is assumed to be dominated by natural convection, represented by:

Q̇l = cl(Tevap − Tamb), (2)

were cl is the heat loss parameter. The flow Q̇g is dominated by forced convection and is modeled as proposed in [6]:

Q̇g = cpcgṁ0.8
g

(
Tg,in + Tg,out

2
− Tevap

)
, (3)

implicitly assuming a linear decrease in gas temperature over the evaporator. Here cp is the known specific heat of the
gas and cg the parameter related to the heat transfer of the gas side. The outlet gas temperature Tg,out is not regarded to
be a valid model input as it depends on the system state Tevap. In order to eliminate Tg,out from (3), a second equation is
introduced:

Q̇g = cpṁg(Tg,in − Tg,out). (4)

Equating (3) to (4) results in:

Tg,out =
Tg,in

(
ṁ0.2

g − 1
2 cg

)
+ cgTevap

ṁ0.2
g +

1
2 cg

, (5)

which can be substituted into (4) to arrive at:

Q̇g =
cpcgṁg(Tg,in − Tevap)

ṁ0.2
g +

1
2 cg

. (6)

Note that this equation only depends on the measurable characterization of the incoming exhaust gas flow {ṁg,Tg,in}
and the current state Tevap, and therefore is a valid model input. However, (6) renders the ordinary differential equation
(1) non-linear in these incoming exhaust gas flow measurements. Equation (5) can alternatively be written into:

Tevap =
Tg,out(ṁ0.2

g +
1
2 cg) − Tg,in(ṁ0.2

g − 1
2 cg)

cg
, (7)

enabling an online, measurement based estimation of the evaporator temperature, which is very useful for control
purposes. Finally, an equation for the heat flow to the working fluid is derived. It is based on the assumption that the
system is in normal operation, e.g., cold water is converted into superheated steam. In low pressure RC’s, the enthalpy
difference over the evaporator only varies slightly and therefore is assumed to be the known constant ∆h f ,0, resulting in:

Q̇ f = ṁ f∆h f , ∆h f := (h f ,in − h f ,out) ≈ ∆h f ,0, (8)

rendering the model (1) linear in the control input ṁ f , which is very convenient for control design. As non of the
unknown model parameters {chc cl cg} are related to steam production, they can be identified by fitting (1)(2)(5) and (6)
to a dry heat-up experiment, e.g., Q̇ f = 0 [kW].

Although the dynamical model does not depend on the steam conditions, it still needs to be linked to the superheating
temperature as this is the main control objective. This is accomplished by the following empirical relation:

Q̇ss
f = c10Tevap − c01T f ,sup − c00, {c10, c01, c00} > 0, (9)

meaning that, in steady state, more steam can be produced if the evaporator temperature is higher or when the required
superheating temperature T f ,sup is lower. The parameters {c10, c01, c00} are obtained by performing steady state steam
generation experiments representative for normal operation. Substitution of (2)(6) and (9) into the steady state of the
energy balance (1), so Ṫevap = 0 [K/s], results in:

T ss
evap =

c01T re f
f ,sup +

ṁgcpcgTg,in

ṁ0.2
g +

1
2 cg
+ c00 + clTamb


c10 +

ṁgcpcg

ṁ0.2
g +

1
2 cg
+ cl


−1

, (10)

describing the evaporator temperature which will approximately result in a certain superheating temperature in steady
state, given the current heat input. Fig. 1 (b) provides a schematic interpretation of (10).
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3. System Identification

Fig. 2 (a) shows the experimental demonstrator, available at Eindhoven University of Technology, that is used in this
study. The evaporator consists of 5 parallel spirals made of stainless steel tubes with an inner diameter of 6 [mm] and
an outer diameter of 10 [mm]. The diameter of a single spiral is 60 [mm] and its length is 50 [cm]. A controlled flow of
electrically heated air, with a maximum capacity of 150 [kg/h], imitates the exhaust of an ICE. Demineralized water is
pumped through the evaporator by a positive displacement pump. The mass flow of the working fluid is measured and
controlled with a gear flow meter. The steam is expanded over a valve, imitating a turbine nozzle.

The model presented in Section 2 is fitted to a heat-up and cool-down experiment of the evaporator, where the mass
flow of the air was 80 [kg/h] and no steam was generated (ṁ f = 0 [kg/h]). The top plot of Fig. 2 (b) shows a similar
experiment that is used for validation. Here the evaporator was heated-up and cooled-down dry with a mass flow of air of
30 [kg/h] and subsequently 130 [kg/h]. The middle plot of Fig. 2 (b) shows the prediction error ∆Tg,out = T meas

g,out − Tg,out

for this experiment. When the inlet gas temperature was in steady state, the Root Mean Square (RMS) prediction error
is 4 [K]. Overall, the RMS error is 7 [K] and the maximum prediction error is 18 [K]. Therefore, it is concluded that
the dominant dynamics of this particular evaporator can be represented by a lumped mass model and that (7) gives an
estimation of the evaporator temperature.

The bottom plot of Fig. 2 (b) shows that the estimation of the evaporator temperature (7) exhibits non-physical
behavior during strong transients. This is mainly a result of neglecting the residence time of the air inside the evaporator.
A Kalman filter [13], shown in Fig. 3 (a), improves the prediction of the evaporator temperature by forcing it to behave
like the identified model. The general working principle is as follows. The heat flow from the gas Q̇g (4) and to the
working fluid Q̇ f (8) are back measured, where the enhalpy difference of the working fluid is determined using IAPWS
IF-97 lookup tables. The Kalman filter computes the heat balance (1) and outputs a weighted average of this calculation
and the measurement based estimation (7). The weighted average is used as system state for the next sample time. As
can be seen in the bottom plot of Fig. 2 (b), the Kalman filter is able to mitigate the non-physical behavior (7) while
still having fast convergence to (7) when the strong transient resides.

Fig. 3 (b) shows the fit of the empirical equation (9), relating the evaporator temperature to the superheating
temperature in steady state. The RMS error of the fit is only 0.07 kW. Therefore, it is expected that the superheating
temperature can be accurately controlled by tracking the evaporator temperature.

Table 1. Parameters of the experimental demonstration.

Parameter chc cl cg cp ∆h f ,0 Ttresh c00 c10 c01 Kp ωc ωu

Value 8340 0.821 565 1.05 2711 400 3077 28.4 19.0 −1.39 · 10−5 3.59 · 10−3 0.05
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Fig. 2. (a) Schematic representation of the experimental setup; (b) Model validation (top, middle) and Kalman filtering effect (bottom).
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ṁf

T̂evap

hf,in

hf,out

Q̇f

a

Tevap [K]
425 450 475 500 525

_ Q
f

[k
W

]

0
1
2
3
4

measured
-t

Tf;sup [K]
0 20 40 60 80

_ Q
f

[k
W

]

0
1
2
3
4

b

Fig. 3. (a) Kalman filter structure. (b) Fit of the empirical relation (9) on steady state experiments, relating Tevap to T f ,sup via Q̇ f .

4. Control Synthesis

In a RC based automotive WHR system, the purpose of the evaporator controller is to reliably generate superheated
steam, even when the heat input varies intensively. Tight control of this process allows for lower superheating tempera-
tures, maximizing the recovered thermal energy [14]. According to (10), controlling the superheating temperature can
be performed by tracking a specific evaporator temperature. This enables the control problem to be reduced to tracking
of Tevap and rejection of disturbances in Q̇g for the linear system (1)(2) and (8), given by:

chcṪevap = −clTevap + Q̇g − ∆h f ,0ṁ f + clTamb, (11)

and since it is linear, it can be written into the transfer function G(s), with s being the Laplace variable, given by:

Tevap = G(s) [ṁ f Q̇g Tamb]ᵀ where G(s) =
1

chcs + cl

[
−∆h0 1 cl

]
. (12)

Note that (6) is deliberately not substituted for Q̇g as this would render (11) non-linear. Transfer functions enable
frequency domain analysis by replacing s with the complex frequency jω. When for example, the transfer function
H(s) is exited by the sinusoidal input u(t) = sin(ωt), the output of H(s) becomes y(t) = |H( jω)| sin(ωt + ∠H( jω)). In
this study, only the magnitude |H( jω)| is of interest as this provides the amplification of signals within the system and
theoretical stability is not an issue. A far more elaborate and rigorous explanation of frequency domain analysis and
control synthesis is provided in [15]. The fact that the evaporator control problem is now in a linear framework enables
the application of many well established control techniques. In this study, closed loop shaping is proposed.

Fig. 4 (a) shows the control structure used in this study. It consists of an inversion-based feedforward and a dynamic
output feedback controller. The goal of these controllers is to track the reference evaporator temperature T re f

evap up to the
crossover frequency ωc. However, the control input ṁ f should not contain significant energy for frequencies over ωu,
as fast changes in the fluid pump cause the superheating temperature to behave erratically.

The inversion-based feedforward controller CFF(s) provides approximately the correct control input uFF , based on
knowledge of the system and the incoming reference and disturbance signals. This is achieved by swapping the roles of
Tevap (T re f

evap) and ṁ f (uFF) in (12), resulting in:

uFF = CFF(s) [T re f
evap Q̇g Tamb]ᵀ where CFF(s) =

∆h−1
0

ω−1
u s + 1

[
− chcs − cl 1 cl

]
, (13)

where the low pass filter, with time constant ωu, is added to smoothen the control input. For online implementation,
(6) is used to calculate Q̇ f in (13). As the output of the feedforward controller will not be perfect, the control input is
corrected by a feedback signal uFB. In process control, a proportional-integral controller, given by:

uFB = CFB(s) e where CFB(s) = Kp

(
1
ω−1

c s
+ 1
)
, (14)
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Fig. 4. (a) Control structure combining inversion-based feedforward with dynamic output feedback. (b) Frequency response of both sensitivity (15)
and process sensitivity (16) functions.

achieves satisfactory performance [15]. Here Kp is the feedback gain and ω−1
c the integration time. For implementation,

the estimation of the evaporator temperature of the Kalman filter is used as controlled output, see Fig. 3 (a). The
reference evaporator temperature T re f

evap is generated by low passing (10) with crossover frequency ω−1
c , in order not to

harm the steady state assumption in (10) too much, see Fig. 4 (a). The total control input is given by ṁ f = uFF + uFB.
Tuning of the control parameters {ωu, ωc,Kp} is performed by shaping two closed loop transfer functions. The

control loop is closed by applying the connections shown of Fig. 4 (a) using G(s) (12), CFF(s) (13) and CFB(s) (14).
The signals of interest are the tracking error e and the control input ṁ f . Deriving the corresponding transfer functions is
a straight forward procedure. However, due to space limitations it is not performed here. Furthermore, the effect of the
ambient temperature is omitted as its impact is limited due to proper insulation of the evaporator. To shorten notation,
the numbers in the subscripts refer to the entries in the corresponding transfer function matrices. The sensitivity function
S (s) is given by:

e = S (s) [T re f
evap Q̇g]ᵀ where S (s) =

[
1 −G1(s)CFF,1(s)
1 +CFB(s)G1(s)

−G2(s) +G1(s)CFF,2(s)
1 +CFB(s)G1(s)

]
, (15)

and the process sensitivity function PS (s) by:

ṁ f = PS (s) [T re f
evap Q̇g]ᵀ where PS (s) = CFB(s)S (s) +

[
CFF,1(s) CFF,2(s)

]
. (16)

Fig. 4 (b) shows the magnitude of the frequency response of these transfer functions. As expected, the magnitude of
S ( jω) is small below ωc and the magnitude of PS ( jω) is small over ωu. The actual tuning of ωc and ωu is performed
experimentally by closely examining the behavior of the superheating temperature during transients in the heat input.
Generally, ωc should be increased to achieve a constant superheating temperature and ωu should be reduced to improve
the stability of the flow boiling process. Note that the disturbances between ωc and ωu pose the challenge as both the
error and the control input are high. The fact that the magnitude of S ( jω) decreases after ωu is a result of the physics of
the evaporator. The parameter Kp should be reduced until the feedback signal uFB starts to show oscillatory behavior.
High values of Kp will cause problems during systems starts, as here the error e will be rather large.

The method presented in this section has the following key features. First, the feedback signal is always available,
allowing for controlled systems starts and increased robustness. Note that feedback control of the superheating
temperature is only possible during normal and correct system operation. Getting the system to run correctly only by
feedforward is not trivial, especially due to the wide range of initial evaporator temperatures that can occur. Second,
since the evaporator temperature does not exhibit saturation, erratic or non-minimum phase behavior, the feedback
gain can be much higher. Finally, the decision making process for systems starts and shutdowns becomes straight
forward. When the evaporator temperature exceeds a certain threshold value, e.g., T̂evap > Ttreshold. Table 1 provides
the parameters used in this study.



 Michiel Oom et al. / Energy Procedia 129 (2017) 794–801 799
Oom et al. / Energy Procedia 00 (2017) 000–000 5

Kalman
filter

(1)

Tg,in

Tg,out

ṁg
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4. Control Synthesis

In a RC based automotive WHR system, the purpose of the evaporator controller is to reliably generate superheated
steam, even when the heat input varies intensively. Tight control of this process allows for lower superheating tempera-
tures, maximizing the recovered thermal energy [14]. According to (10), controlling the superheating temperature can
be performed by tracking a specific evaporator temperature. This enables the control problem to be reduced to tracking
of Tevap and rejection of disturbances in Q̇g for the linear system (1)(2) and (8), given by:

chcṪevap = −clTevap + Q̇g − ∆h f ,0ṁ f + clTamb, (11)

and since it is linear, it can be written into the transfer function G(s), with s being the Laplace variable, given by:

Tevap = G(s) [ṁ f Q̇g Tamb]ᵀ where G(s) =
1

chcs + cl

[
−∆h0 1 cl

]
. (12)

Note that (6) is deliberately not substituted for Q̇g as this would render (11) non-linear. Transfer functions enable
frequency domain analysis by replacing s with the complex frequency jω. When for example, the transfer function
H(s) is exited by the sinusoidal input u(t) = sin(ωt), the output of H(s) becomes y(t) = |H( jω)| sin(ωt + ∠H( jω)). In
this study, only the magnitude |H( jω)| is of interest as this provides the amplification of signals within the system and
theoretical stability is not an issue. A far more elaborate and rigorous explanation of frequency domain analysis and
control synthesis is provided in [15]. The fact that the evaporator control problem is now in a linear framework enables
the application of many well established control techniques. In this study, closed loop shaping is proposed.

Fig. 4 (a) shows the control structure used in this study. It consists of an inversion-based feedforward and a dynamic
output feedback controller. The goal of these controllers is to track the reference evaporator temperature T re f

evap up to the
crossover frequency ωc. However, the control input ṁ f should not contain significant energy for frequencies over ωu,
as fast changes in the fluid pump cause the superheating temperature to behave erratically.

The inversion-based feedforward controller CFF(s) provides approximately the correct control input uFF , based on
knowledge of the system and the incoming reference and disturbance signals. This is achieved by swapping the roles of
Tevap (T re f

evap) and ṁ f (uFF) in (12), resulting in:

uFF = CFF(s) [T re f
evap Q̇g Tamb]ᵀ where CFF(s) =

∆h−1
0

ω−1
u s + 1

[
− chcs − cl 1 cl

]
, (13)

where the low pass filter, with time constant ωu, is added to smoothen the control input. For online implementation,
(6) is used to calculate Q̇ f in (13). As the output of the feedforward controller will not be perfect, the control input is
corrected by a feedback signal uFB. In process control, a proportional-integral controller, given by:

uFB = CFB(s) e where CFB(s) = Kp

(
1
ω−1

c s
+ 1
)
, (14)
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achieves satisfactory performance [15]. Here Kp is the feedback gain and ω−1
c the integration time. For implementation,

the estimation of the evaporator temperature of the Kalman filter is used as controlled output, see Fig. 3 (a). The
reference evaporator temperature T re f

evap is generated by low passing (10) with crossover frequency ω−1
c , in order not to

harm the steady state assumption in (10) too much, see Fig. 4 (a). The total control input is given by ṁ f = uFF + uFB.
Tuning of the control parameters {ωu, ωc,Kp} is performed by shaping two closed loop transfer functions. The

control loop is closed by applying the connections shown of Fig. 4 (a) using G(s) (12), CFF(s) (13) and CFB(s) (14).
The signals of interest are the tracking error e and the control input ṁ f . Deriving the corresponding transfer functions is
a straight forward procedure. However, due to space limitations it is not performed here. Furthermore, the effect of the
ambient temperature is omitted as its impact is limited due to proper insulation of the evaporator. To shorten notation,
the numbers in the subscripts refer to the entries in the corresponding transfer function matrices. The sensitivity function
S (s) is given by:

e = S (s) [T re f
evap Q̇g]ᵀ where S (s) =

[
1 −G1(s)CFF,1(s)
1 +CFB(s)G1(s)

−G2(s) +G1(s)CFF,2(s)
1 +CFB(s)G1(s)

]
, (15)

and the process sensitivity function PS (s) by:

ṁ f = PS (s) [T re f
evap Q̇g]ᵀ where PS (s) = CFB(s)S (s) +

[
CFF,1(s) CFF,2(s)

]
. (16)

Fig. 4 (b) shows the magnitude of the frequency response of these transfer functions. As expected, the magnitude of
S ( jω) is small below ωc and the magnitude of PS ( jω) is small over ωu. The actual tuning of ωc and ωu is performed
experimentally by closely examining the behavior of the superheating temperature during transients in the heat input.
Generally, ωc should be increased to achieve a constant superheating temperature and ωu should be reduced to improve
the stability of the flow boiling process. Note that the disturbances between ωc and ωu pose the challenge as both the
error and the control input are high. The fact that the magnitude of S ( jω) decreases after ωu is a result of the physics of
the evaporator. The parameter Kp should be reduced until the feedback signal uFB starts to show oscillatory behavior.
High values of Kp will cause problems during systems starts, as here the error e will be rather large.

The method presented in this section has the following key features. First, the feedback signal is always available,
allowing for controlled systems starts and increased robustness. Note that feedback control of the superheating
temperature is only possible during normal and correct system operation. Getting the system to run correctly only by
feedforward is not trivial, especially due to the wide range of initial evaporator temperatures that can occur. Second,
since the evaporator temperature does not exhibit saturation, erratic or non-minimum phase behavior, the feedback
gain can be much higher. Finally, the decision making process for systems starts and shutdowns becomes straight
forward. When the evaporator temperature exceeds a certain threshold value, e.g., T̂evap > Ttreshold. Table 1 provides
the parameters used in this study.
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5. Experimental Results

The control method presented in Section 4 is demonstrated on the driving cycle shown in blue in the top two plots
of Fig 5. The cycle is based on a dynanometer test of an Euro4 2.0 diesel passenger car running the NEDC [16]. It is
altered in order to satisfy the constraints of the experimental setup. Therefore, the goal of the validation experiment
is not to show feasibility of automotive WHR but rather to show the performance of the control strategy. In part 1 of
the driving cycle, the evaporator is started cold on the NEDC slowed down three times. Subsequently, the cycle is
stretched two times and run backwards, in order to create a fluent transition to the non-time-scaled cycle in part 3. The
second plot of Fig. 5 shows the air temperature measurements and the reference and estimated evaporator temperature.
The third plot shows the measured working fluid mass flow and the outputs of both the feedforward and feedback
controllers. The fourth plot shows the superheating temperature and the last plot of Fig. 5 the evaporation pressure.

In the first 500 [s] of the experiment, the pump was disengaged in order to heat up the evaporator in a minimal
amount of time. The controllers were automatically engaged when the estimated evaporator temperature exceeded the
threshold value. It took approximately 100 [s] for steam generation to initiate. In the next 1200 [s], the evaporator is
brought to correct operation by active interference of the feedback controller, while the tubing behind the evaporator
was heated up by the steam. The dip in the superheating temperature at 1700 [s] is regarded to be still related to the
system start. The dip at 2500 [s] however, occurs due the transition from the urban cycles to the extra urban cycle. By the
time part 1 of the experiment had ended, the feedback contribution to the control signal had diminished, demonstrating
the quality of the feedforward controller. Part 2 of the experiment contains disturbances in the medium frequency range.
Again, by transitioning between the extra urban and urban drive cycle, some dips in the superheating temperature
occurred. During part 2, the superheating temperature was above 5 [K] for 98% of the time and between 10 and 20 [K]
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for 79% of the time. Finally, part 3 of the experiment shows that high frequent disturbances are naturally rejected by
the system resulting in less variations in the superheating temperature then in part 2. However, shutting down the heat
input, right after full load, proved to be too challenging as the superheating temperature went to 0 [K] for 1 minute. The
fact that the system recovered from this dip is an excellent example of the robustness of the control strategy. In the 2
hour experiment, the system delivered for over 75% of the time steam with a superheating temperature above 5 [K] and
for 55% of the time between 10 and 20 [K].

6. Conclusion

This paper presents and demonstrates a novel control strategy for evaporators in automotive WHR systems. As
this method does not rely on a measurement of the superheating temperature, it omits the stability issues reported in
literature. Furthermore, it is shown that the dominant dynamics of a prototype evaporator were captured sufficiently well
by a lumped mass evaporator model. Additionally, this model provides a means to estimate the evaporator temperature
from exhaust gas measurements. By relating the evaporator temperature to the superheating temperature, the control
problem is reduced to tracking and disturbance rejection of a linear system, enabling the application of well established
control design techniques. In this case, closed loop shaping is used to tune the parameters of a dynamic feedback
and inversion-based feedforward controller. The control strategy handles system starts and shutdowns naturally by
monitoring the evaporator temperature. Therefore, no minimum flow is required resulting in shorter start-up times and
no evaporator flooding at shutdown. The derived inversion-based feedforward controller can be easily obtained as no
simulation-type evaporator model is required. The controller was able to run the low pressure steam generation process
reliably at a low superheating temperature, maximizing the amount of heat recovered.

Future recommendations are to extend the approach for a more realistic demonstrator, including an ICE, off-the-shelf
evaporator and possibly an organic working fluid.
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5. Experimental Results

The control method presented in Section 4 is demonstrated on the driving cycle shown in blue in the top two plots
of Fig 5. The cycle is based on a dynanometer test of an Euro4 2.0 diesel passenger car running the NEDC [16]. It is
altered in order to satisfy the constraints of the experimental setup. Therefore, the goal of the validation experiment
is not to show feasibility of automotive WHR but rather to show the performance of the control strategy. In part 1 of
the driving cycle, the evaporator is started cold on the NEDC slowed down three times. Subsequently, the cycle is
stretched two times and run backwards, in order to create a fluent transition to the non-time-scaled cycle in part 3. The
second plot of Fig. 5 shows the air temperature measurements and the reference and estimated evaporator temperature.
The third plot shows the measured working fluid mass flow and the outputs of both the feedforward and feedback
controllers. The fourth plot shows the superheating temperature and the last plot of Fig. 5 the evaporation pressure.

In the first 500 [s] of the experiment, the pump was disengaged in order to heat up the evaporator in a minimal
amount of time. The controllers were automatically engaged when the estimated evaporator temperature exceeded the
threshold value. It took approximately 100 [s] for steam generation to initiate. In the next 1200 [s], the evaporator is
brought to correct operation by active interference of the feedback controller, while the tubing behind the evaporator
was heated up by the steam. The dip in the superheating temperature at 1700 [s] is regarded to be still related to the
system start. The dip at 2500 [s] however, occurs due the transition from the urban cycles to the extra urban cycle. By the
time part 1 of the experiment had ended, the feedback contribution to the control signal had diminished, demonstrating
the quality of the feedforward controller. Part 2 of the experiment contains disturbances in the medium frequency range.
Again, by transitioning between the extra urban and urban drive cycle, some dips in the superheating temperature
occurred. During part 2, the superheating temperature was above 5 [K] for 98% of the time and between 10 and 20 [K]
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for 79% of the time. Finally, part 3 of the experiment shows that high frequent disturbances are naturally rejected by
the system resulting in less variations in the superheating temperature then in part 2. However, shutting down the heat
input, right after full load, proved to be too challenging as the superheating temperature went to 0 [K] for 1 minute. The
fact that the system recovered from this dip is an excellent example of the robustness of the control strategy. In the 2
hour experiment, the system delivered for over 75% of the time steam with a superheating temperature above 5 [K] and
for 55% of the time between 10 and 20 [K].

6. Conclusion

This paper presents and demonstrates a novel control strategy for evaporators in automotive WHR systems. As
this method does not rely on a measurement of the superheating temperature, it omits the stability issues reported in
literature. Furthermore, it is shown that the dominant dynamics of a prototype evaporator were captured sufficiently well
by a lumped mass evaporator model. Additionally, this model provides a means to estimate the evaporator temperature
from exhaust gas measurements. By relating the evaporator temperature to the superheating temperature, the control
problem is reduced to tracking and disturbance rejection of a linear system, enabling the application of well established
control design techniques. In this case, closed loop shaping is used to tune the parameters of a dynamic feedback
and inversion-based feedforward controller. The control strategy handles system starts and shutdowns naturally by
monitoring the evaporator temperature. Therefore, no minimum flow is required resulting in shorter start-up times and
no evaporator flooding at shutdown. The derived inversion-based feedforward controller can be easily obtained as no
simulation-type evaporator model is required. The controller was able to run the low pressure steam generation process
reliably at a low superheating temperature, maximizing the amount of heat recovered.

Future recommendations are to extend the approach for a more realistic demonstrator, including an ICE, off-the-shelf
evaporator and possibly an organic working fluid.

References

[1] J. Cook, N. Oreskes, P. Doran, others., Consensus on consensus: a synthesis of consensus estimates on human-caused global warming,
Environmental Research Letters 11 (4) (2016) 048002.

[2] F. Zhou, S. N. Joshi, R. Rhote-Vaney, E. M. Dede, A review and future application of Rankine cycle to passenger vehicles for waste heat
recovery, Renewable and Sustainable Energy Reviews 75 (2016) 1008–1021.

[3] B. Tchanche, M. Patrissans, G. Papadakis, Heat resources and organic Rankine cycle machines, Renewable and Sustainable Energy Reviews 39
(2014) 1185–1199.

[4] V. L. Eriksen, J. E. Schroeder, 3 - Fundamentals, in: Heat Recovery Steam Generator Technology, Woodhead Publishing, 2017, pp. 45–63.
[5] E. Feru, Auto-calibration for efficient diesel engines with a waste heat recovery system, Ph.D. thesis, Eindhoven University of Technology

(2015).
[6] S. Quoilin, Sustainable energy conversion through the use of organic Rankine cycles for waste heat recovery and solar applications., Ph.D. thesis,

University of Liège, Liège, Belgique (2011).
[7] V. Grelet, Rankine cycle based waste heat recovery system applied to heavy duty vehicles: topological optimization and model based control,

Ph.D. thesis, Universite de Liège, Liège, Belgique (2016).
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