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Experimental Validation of
Nonlinear Model Predictive
Control for a Heavy-Duty Diesel
Engine Waste Heat Recovery
System

This paper discusses an experimental validation of a real-time augmented control scheme
for an organic Rankine cycle (ORC) waste heat recovery (WHR) system. A nonlinear
model predictive control (NMPC) is designed to regulate the working fluid vapor temper-
ature after the evaporator. The NMPC utilizes a six-state reduced order moving boundary
(MB) evaporator model. The state estimator is constructed using an extended Kalman fil-
ter (EKF) given the working fluid outlet vapor temperature and exhaust gas outlet tem-
perature as measurements. Working fluid evaporation pressure is controlled by an
external proportional-integral-derivative (PID) control loop. The experimental validation
first compares the performance of the augmented control scheme with that of a traditional
multiple loop PID control with a feedforward term over an engine transient. The experi-
mental study shows that the augmented control scheme outperforms the baseline multi-
loop PID control in both terms tracking error and settling time during transient engine
operation. The performance of the augmented control scheme is further validated over
three additional transient conditions with alterations to both the engine transient and the
working fluid reference temperature. The NMPC validation shows that the working fluid
vapor temperature can be controlled within 1% error margin relative to the targeted
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1 Introduction

Less than 50% of the fuel energy consumed by a heavy-duty
diesel (HDD) engine creates useful work, with the remaining
energy wasted as heat. Considering the large amount of wasted
heat and the substantial size of the worldwide HDD fleet, HDD
engine waste heat recovery (WHR) technologies have been well
researched in the past decade. Through the inclusion of WHR
techniques, HDD fuel economy can be improved by 2—6% [1-3].

Among the existing technologies, organic Rankine cycle (ORC)
systems are considered a viable and mature technology for their
relative cost effectiveness and high WHR efficiency. The ORC
system uses waste heat sources (e.g., engine tail pipe (TP) exhaust
gas) to vaporize a working fluid via heat exchangers [4]. The
working fluid experiences phase change from liquid to vapor in an
evaporator and then passes through the expander to produce
power. After expansion, a condenser extracts the remaining heat
from working fluid vapor, condensing it back to liquid phase.

In the past decade, the published studies made noticeable pro-
gress in the HDD engine ORC-WHR field. Teng et al. conducted a
series of ORC-WHR studies on a heavy-duty engine, which
included thermodynamic cycle analysis [5], working fluid selection
[6], ORC system development [7], and experimental implementa-
tion [1]. These studies concluded that ethanol has potential as an
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ORC working fluid and that a 3-5% fuel economy improvement
can be achieved using both the TP and exhaust gas recirculation
gases as heat sources. Nelson gave several presentations on HDD
engine ORC-WHR design, which included system sizing [8],
engine efficiency contribution split by technologies [9], and prelim-
inary experimental results [10]. Overall, the ORC-WHR system
development methodology can be divided into several stages, as
shown in Fig. 1. Note that control development connects the system
integration, power optimization, and experimental implementation
portions of the process. Without formal control development,
experiments must be manually operated at steady engine speed and
torque, making it impossible to collect valuable data during tran-
sient engine conditions. In addition, after the system development
stage, a controller is crucial for efficient ORC system operation in
production vehicles. Therefore, control development is a key step
in the ORC-WHR system development process.

@ Experimental
I implementation

Power
optimization

Components
selection and

development

System » Control
integration development

Fig.1 ORC-WHR system development procedures
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Organic Rankine cycle-WHR system control development is a
challenging task. Thermal inertia of the aftertreatment system
(i.e., the selective catalytic reduction and diesel particulate filter
devices) delays changes in the TP exhaust gas temperature prior
to contact with an ORC evaporator located downstream. In addi-
tion, the heat exchanger itself has thermal inertia, further dampen-
ing the response of the ORC working fluid from changes in engine
exhaust gas temperature. These delays vary with material compo-
sition and design of both the aftertreatment components and the
evaporator itself. An example of evaporator thermal inertia
change by varying mass of the tube wall is shown in Fig. 2. As the
mass increases, the delay of the working fluid outlet temperature
increases and the response time rises significantly. Feru et al. pre-
sented the time constants for the exhaust gas, working fluid, and
wall in an ORC-WHR heat exchanger modeling study [11].

Aside from the thermal inertia imposed dynamic dampening,
the heat exchanger working fluid flow path volume is also critical
for control development. Increasing flow path volume extends the
time any working fluid molecule remains in the heat exchanger
and reduces the responsiveness of the working fluid outlet temper-
ature and mass flowrate changes.

Most existing control strategies generate reference trajectories
via steady-state optimization [12], which does not necessarily
hold true during transient operation. Moreover, the disturbance
rejection capability of the traditional feedback control is limited.
Eventually, the exhaustive proportional-integral-derivative (PID)
calibration, whose burden is increased by the aforementioned
physical delays in the ORC system, may not fulfill the transient
control goals. In order to overcome the limitations of the tradi-
tional controls, several advanced control strategies have been pro-
posed: (1) linear model predictive control [13], (2) nonlinear
model predictive control (NMPC) [14-16], (3) supervisory predic-
tive control [17], dynamic programming [18,19], and (4) extended
prediction self-adaptive control [20]. Even though these advanced
controls addressed the disadvantages of traditional PID control
and showed good results in simulation, they have not been experi-
mentally validated and have raised concerns regarding real-time
implementation due to their computational burden. The simulation
studies above did not address computation time, and the control
designs proposed are still far from experimental implementation.

Only a few experimental ORC-WHR control studies can be
found in the literature. Hernandez et al. compared ORC-WHR
experimental results for PID and model predictive control (MPC)
[21]. In their work, both the PID and MPC utilized the working
fluid pump speed as an output to regulate the working fluid tem-
perature at the evaporator outlet. MPC presented a more precise
temperature control than PID. This capability ensured low
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Fig. 2 Working fluid temperature performance at TP heat
exchanger outlet during working fluid flow step change. The
mass in the legend represents the mass of the tube wall for the
shell-and-tubes type heat exchanger and it is normalized by the
maximum mass utilized in the simulation.
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superheat control during transient heat source conditions. Hence,
more ORC-WHR power can be produced by MPC than PID,
which was also mentioned in Ref. [22]. However, the control-
oriented model in Ref. [21] is a first-order lumped model with a
time delay transfer function. In order to implement the model over
large range of operating conditions, the linear transfer function
requires more identification efforts than physics-based models.

Peralez et al. presented experimental results for a stand-alone
PID and a PID with dynamic inverse model in feedforward control
[23]. These controls were implemented on an ORC-WHR system
coupled with a HDD engine. The PID with the dynamic inverse
model in feedforward showed good working fluid superheat con-
trol along multiple engine step changes. However, the working
fluid was R245fa, which had a much higher mass flow than high
heat capacity working fluids like ethanol or water. ORC working
fluid temperature control becomes increasingly challenging as the
working fluid mass flowrate decreases. In addition, the evaporation
pressure was controlled by a TP exhaust gas bypass valve, which is
not an ideal scenario as part of exhaust gas not passing through the
heat exchanger. As some of exhaust gas is bypassed, the total
amount of heat source is reduced. Thus, the maximum expander
power production drops. In the ideal case, all the exhaust gas will
pass the evaporator and deliver the maximum amount of heat
energy to the working fluid. At the given superheat target, the work-
ing fluid mass flowrate will be greater than the exhaust gas partially
bypassing case. With the given superheat and greater mass flowrate,
the expander can produce more power. In terms of pressure control
without exhaust gas bypass, a bypass valve can be added to turbine
expander. The turbine bypass valve can easily shift the working
fluid mass flow to the turbine without heat transfer delay, which is
required by the partially bypassed exhaust gas method. Overall, in
the field of ORC-WHR control, many simulation studies are present
in the literature but the experimental work is still lacking.

To address this gap in the published knowledge, this paper
focuses on experimental validation of a control scheme that
includes NMPC for working fluid vapor temperature control in a
heavy-duty diesel engine ORC-WHR system. In Ref. [22], the
authors proposed and designed a real-time capable augmented con-
trol scheme for a HDD engine ORC-WHR system, which ensures
efficient and safe operation. Assuming a time constant separation
between the thermal and pressure dynamics, a NMPC is designed
to regulate the working fluid evaporator outlet temperature, while
the evaporator pressure is regulated by an external PID control.
The NMPC is designed using a reduced order, moving boundary
(MB) control model of the heat exchanger system. In the NMPC
formulation, state feedback is constructed from an estimated state
(via an extended Kalman filter (EKF)) based on working fluid and
exhaust gas temperature measurements at the evaporator outlet.
The performance of the control scheme (NMPC plus EKF) is
herein experimentally validated via comparison with a conven-
tional, multiloop PID control designed for controlling the evapora-
tor outlet working fluid temperature and the evaporator pressure. In
addition, this paper further experimentally validates the proposed
augmented control scheme over several sets of transient engine
operating conditions and reference working fluid temperatures.

The rest of the paper is organized as follows. Section 2 presents
the ORC-WHR system description. Section 3 presents the moving
boundary heat exchanger model, which is the six-state control-
oriented model in the NMPC. Section 4 presents the NMPC
problem formulation and state estimation algorithm. Section 5
discusses the experimental setup, followed by results and analysis
in Sec. 6. The paper ends with conclusions in Sec. 7.

2 System Description

An ORC-WHR system coupled to a 13 L HDD engine via a tail-
pipe evaporator is considered. The ORC system architecture is
shown in Fig. 3. The main components include: (1) a high pres-
sure (HP) pump, (2) a TP evaporator, (3) a turbine expander, and
(4) a condenser. Ethanol is utilized as a working fluid in the
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Fig.3 Schematic of ORC-WHR system

experimental setup. The ethanol is pumped to the TP evaporator
by the HP pump, which is an actuation device used to adjust the
mass flowrate of ethanol through the evaporator to control the
vapor temperature at the evaporator outlet. The evaporator
extracts the waste heat from the heat source, subjecting the work-
ing fluid to a liquid to vapor phase change. The vapor then passes
through the turbine expander and generates electricity. Finally,
after passing through the turbine, the ethanol vapor is condensed
back to a liquid state in the condenser. Besides the four main com-
ponents, a reservoir is located downstream of the condenser to sup-
ply and absorb working fluid during warmup and transient
operating conditions. A low pressure pump is located upstream of
HP pump to supply working fluid for HP pump. Two valves are
located around the turbine expander to both bypass the working
fluid around the turbine during ORC-WHR system warmup and
control the evaporation pressure.

3 Evaporator Modeling

To facilitate the control design, a six-state physics-based model
is developed for the TP evaporator. In this regard, the heat transfer
between working fluid and exhaust gas inside the evaporator is
modeled based on conservation of mass and energy balance. The
heat exchanger model assumes tube-and-shell construction where
the exhaust gas and working fluid flows are separated by wall. As
a result, the energy balance is considered in three separate media:
the working fluid, the wall, and the exhaust gas. In addition, mass
balance is considered for working fluid only to simulate the flow-
rate as ethanol undergoes the phase change phenomenon. To sim-
plify the heat exchanger model, the following two assumptions are
made: (1) the heat conduction in the axial direction of the evapo-
rator is neglected for all media (working fluid, exhaust gas, and
wall) and (2) vapor inside heat exchanger is assumed to be incom-
pressible. For an extended discussion and other modeling consid-
erations, one can refer to Refs. [24-26]. The following coupled,
one-dimensional partial differential equations along the working
fluid flow direction (z-axis) summarize the evaporator model.

Mass balance of working fluid

O0Arp;  Oriry
=0 (M
ot 0z
Energy balance of working fluid
oh . Oh
prA 5 = —ritrLs o wdyjoneeUp (T — Ty) 2)
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Energy balance of tube wall

oT,,

ChrwVi
Pwtp, ot

= ~ArwUrw(Tw = T5) = Agw U (Tw = Tg)  (3)

The heat transfer area between the working fluid and the tube
wallis Ar,, = 7d; jnnerL; the heat transfer area between the exhaust
gas and the tube wall is A, ,, = 7d,; oul.

Energy balance of exhaust gas

T, . aT,
ngI,tgLF; = mgc,,,gLa—; + ndyouUg(Tw — Tg) (4

For numerical tractability, the exhaust gas enthalpy is approxi-
mated by &, = C,T,. The density and specific heat capacity of
exhaust gas are considered constant, while working fluid density
changes as a function of enthalpy and pressure.

For control design, a three-cell discretization using a MB
approach converts the infinite dimensional problem of the coupled
partial differential equations in Eq. (1) into a finite dimensional
problem of ordinary differential equations. A schematic of the
MB model discretization is Fig. 4. The main idea with the MB
method is to dynamically track the lengths of the different work-
ing fluid phases (liquid, two-phase, and vapor) along the evapora-
tor while applying the same governing differential equations in
Eq. (1) to each region using control volumes [27].

Lumped differential equations are derived by integrating the
mass and energy conservation equations. The derivation procedure
detailed in Ref. [28] is followed to generate a sixth-order ordinary
differential equation system. The exhaust gas mass flow dynamics
are neglected due to their fast transient characteristics, resulting in a
six-state  MB model that includes three wall temperatures
(Tw,1,Twp2,and T, 3), two phase length (L and L,), and the working
fluid outlet enthalpy (/7 out). The six-state MB model can be derived
phase by phase and the details can be found in Ref. [22].

Moving boundary model dynamics are written in standard non-
linear state space form in Eq. (5) for the control formulation
purposes

{)’c:f(x7z,w7u) (5)

0=g(x,z,w)
where x = [Li,L,, Ty, Twyz,Twyg,hfﬁom}T is a dynamic state

vector; z = [Tg1, T2, Tg,3]T is an algebraic state vector;
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Fig. 4 MB method for evaporator modeling. Exhaust gas and working fluid flow in opposing
directions. Heat released from the exhaust gas flows into the working fluid through the ther-
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Fig.5 Augmented control scheme of NMPC plus EKF control

0 = g(x,z,w) represents the algebraic relations; u = ritgi, is a
control input; and w = [rhg,Tg‘in]T is an exogenous disturbance
vector (measured disturbance in engine exhaust system).

Pressure dynamics are derived from modeling the compressible
working fluid vapor in the pipes between the evaporators, the tur-
bine inlet valve, and the turbine bypass valve. The same conserva-
tion principles are applied to this compressible vapor volume. In
this study, we limit the ORC-WHR component modeling discussion
to the evaporators only. For a description of the remaining
component models, as well as experimental model validation, one
can consult [26]. The moving boundary model assumes the co-
existence of all three phases of working fluid along the evaporator.

4 Control Design

In this section, two closed-loop control algorithms are formu-
lated: (1) an augmented control scheme of NMPC plus EKF, as
shown in Fig. 5 and (2) a multiple-loop PID control scheme, as
shown in Fig. 6. In the first control scheme, NMPC is used to

051001-4 / Vol. 142, MAY 2020

regulate evaporator outlet temperature, while the evaporator pres-
sure is externally controlled by a PID. In the second control
scheme, a traditional multiple-loop PID control with a feedfor-
ward term is used for both evaporator outlet temperature and pres-
sure control. In both control schemes, the same control inputs and
actuators are used. The control variables are (1) the mass flowrate
rate of ethanol (si1y) for the control of evaporator outlet tempera-
ture and (2) the turbine bypass valve opening (Oyy,) for evapora-
tor pressure control. In the first control scheme, an EKF is used to
estimate unmeasured states and provide full state feedback using
the measured exhaust gas and working fluid temperatures at the
evaporator outlet. The unmeasured states calculated by the EKF
are the two working fluid phase lengths (L; andL,) and the three
wall temperature states (7,1, T2, and T},3). The measured distur-
bances entering the control model are TP exhaust gas mass flow-
rate and temperature at the evaporator inlet.

4.1 Nonlinear Model Predictive Control Formulation. The
NMPC problem formulation is given as follows:
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Fig. 6 Multiple-loop PID control scheme

min]()?'(t,'),zl(.)) (6)

s.t: ¢ 0=g(x(t),u(r),w(t;

Yo, Yt € [1;, t; + Tp)
u", VT € [ty ti + T @)
V1 € [l‘,‘ + T, t; + Tp}

where J : R" x R™ — R is the cost function; n and m are the
state and input dimensions, repectively; the bar (*) denotes pre-
dicted variables based on the control model using the estimated
state feedback, %(#;), and predicted input i; the superscripts
Ib and ub indicate the lower and upper bounds of the constrained
variables, respectively; T,, and T, denote the prediction and con-
trol horizons, respectively with T, > T,; B is the weight of the
temperature error term; and T . and 7y, are the maximum
working fluid temperature and mass flowrate, respectively. The
upper boundary of the working fluid temperature (y*°) is the
working fluid decomposition and degradation temperature. The
lower boundary (y') is the saturation temperature to avoid inges-
tion of liquid working fluid by the turbine expander, which would
be detrimental to the device’s health. The input limits (u'"® and u*°)
are set by the minimum and maximum physical mass flowrates
from the HP pump. In addition, the mass flow change rate
(61" and 91"°) is constrained by the physical capability of the HP
pump. The primary goal of the control is working fluid vapor tem-
perature tracking as the temperature tracking error is expressed as
T, — Ty, in Eq. (7). The temperature reference is usually obtained
offline by optimizing the turbine power production [29]. In this
study, a step change temperature reference and constant tempera-
ture reference is used for the demonstration of NMPC temperature
tracking performance. The secondary goal is pump speed minimi-
zation for the purpose of power consumption saving and this goal
is considered in the second term of Eq. (7). The reduction of

Journal of Dynamic Systems, Measurement, and Control

pump power consumption is beneficial to the system net power
production.

The PID feedback and feedforward control are explained in
Eq. (8). The feedback portion is shown in the first bracket and out-
lines the proportional, integral, and derivative terms, respectively.
The final term in Eq. (8) is the feedforward part, which is a func-
tion of the exhaust gas waste heat power expressed in Eq. (9). In
Eq. (9), mzp, ¢y, T1p jn, and Ty, represent exhaust gas mass flow-
rate, specific heat capacity, temperature, and ambient temperature,
respectively. The ORC-WHR pressure control utilized the same
PID structure as the temperature PID control

Lt(l) = |:er([) + K; J; e(r)d‘[ + Kddz—(tt):l +f(Pwaste(l)) (8)
Pwaste(t) - mTP (l)(,',, <l) (TTP,in(l) - Tamb(l)) (9)

In order to meet real-time implementation constraints with
NMPC, the acapo open source software package is used for effi-
cient real-time code generation [30]. The AcADo tool has previously
been employed for dynamic optimization and estimation problems
including constrained NMPC [31]. acapo exports an efficient C++
code based on a direct multiple shooting algorithm. The resulting
real-time implementable code exploits the structure of the specific
optimization problem by avoiding irrelevant computations.

5 Experimental Setup

A 13L heavy-duty diesel engine connected to a 440kW A/C
dynamometer in the Clemson University laboratory. The engine
control unit is calibrated via ETAS INCA. The ORC system is
installed close to the engine and the components are connected
according to Fig. 3. The sensor and actuator signal communication
are facilitated via controller area network protocol. The entire
dyno is monitored by an AVL PUMA data acquisition system.
The control schemes are first designed in a MATLAB/SIMULINK envi-
ronment to generate an executable code, which is later flashed
into a dSPACE Micro-Autobox with the following configuration:
Gen 11 1401/1513, 900 MHz, 16 MB RAM. The schematic of the
experimental configuration is shown in Fig. 7.

The engine intake system draws fresh conditioned air from the
dyno cell, which is controlled at around 30 °C to ensure the engine
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intake volumetric efficiency. The engine coolant temperature is
held constant through heat exchange with the building cooling
water supply. The ORC-WHR condenser is also open-loop cooled
by the building cooling water whose temperature at condenser
inlet is around 20-25°C. Turbine power generation is not the
focus of this paper. Thus, the turbine is not installed and the tur-
bine inlet valve is held closed during the entire test. The turbine
bypass valve is regulated by a PID control to maintain the work-
ing fluid evaporation pressure at a nominal point. When turbine is
connected to the system, the turbine bypass valve is fully closed
and turbine inlet valve is fully open such that all the working fluid
passes through the turbine to improve the power generation. In
this situation, pressure is left as it is and turbine bypass valve is
not activated. There is only one situation that both the turbine
bypass valve and turbine are operating. When the turbine inlet
pressure is over the system maximum pressure limit, the PID con-
trol for the turbine bypass valve is activated to maintain the tur-
bine inlet pressure.

The MB model used for NMPC assumes the existence of three
working fluid phases within the evaporator. Thus, in the beginning
of each experiment, the EKF estimator engages when working
fluid vapor temperature reaches 220 °C, ensuring the presence of
all three working fluid phases. When the EKF estimation error
reaches a defined threshold, the NMPC is allowed to engage. To
ensure stable NMPC engagement, the cost function weight B set
to be a small value (e.g., 1 x 107°) at the time of engagement,
assigning a large cost to the working fluid mass flow change. After
the successful NMPC engagement, the cost function weight B is
linearly increased to its normal value of 0.99 over a period of 30s.
This sliding weight implementation is a result of offline tuning.
Compared to the only weight B tuning in this study, there are mul-
tiple parameters to be identified in Ref. [16]: gain, time constant,
and time delay, the identification of which are also strict at differ-
ent steady-state points. However, the NMPC is not extremely sen-
sitive to the weight B variation. That is why the weight B can
vary several magnitudes from 1 x 107° to 1. The NMPC predic-
tion horizon is set to 60 s and the MB model time-step is 0.6s.

Turbocharger operation details are not considered in this study
as the exhaust gas temperature and mass flowrate directly affect
the ORC-WHR system. Different engines have different turbo-
charger calibration and operation strategies. The exhaust gas tem-
perature and mass flowrate are the results of the turbocharger and

051001-6 / Vol. 142, MAY 2020

engine operations. Exhaust gas mass flowrate and temperature are
more direct input comparison than the turbocharger operation
strategy comparison. Besides the turbocharger operation, engine
fueling, injection timing, exhaust gas recirculation valve, after-
treatment system calibrations, and control strategies also affect
the exhaust gas conditions. Therefore, this study does not include
the turbocharger operation information and provide exhaust gas
mass flow and temperature profiles for all the transient exhaust
conditions.

There are three case studies utilized for experimental validation
whose operation is described as follows:

Case study 1: Performance evaluation of the NMPC plus EKF.
In this case study, the engine operates at a steady-state point
1200 rpm/1000 N-m. The EKF and NMPC are activated in the
middle of the experiments. Then, working fluid temperature refer-
ence is subjected to multiple step changes.

Case study 2: Performance comparison of two control schemes
(NMPC and multiple-loop PID). In this case study, the PID and
NMPC performance is compared during an engine step change
from 1200 rpm/1000 N-m to 1300 rpm/1200 N-m. The PID and
NMPC working fluid temperature controls are implemented in
two separate tests, which share the same engine speed and torque
profiles.

Case study 3: Performance study of NMPC over transient
engine operating points and stepped reference temperature is eval-
uated during three test cases.

Test 1. The engine operating conditions undergo a step change
from 1200 rpm/1000 N-m to 1300 rpm/1200 N-m, while the work-
ing fluid vapor temperature undergoes step change from 240 °C to
220°C and back to 240 °C.

Test 2. The engine operating conditions undergo a step change
from 1300 rpm/1200 N-m to 1200 rpm/1000 N-m, while the work-
ing fluid vapor temperature reference undergoes a step change
from 250 °C to 260 °C.

Test 3. Multiple engine speed/torque step changes are imple-
mented as shown in Fig. 8. Meanwhile, the working fluid vapor
temperature is controlled at a constant 240 °C.

6 Results and Discussion

This section overviews the experimental results for the afore-
mentioned test cases. In the results’ plots, the working fluid
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Fig. 8 Transient engine speed/torque

pressure and the working fluid mass flow rate are normalized by
corresponding maximum value for in the consideration of sponsor
confidentiality.

Case study 1: From Figs. 9(a¢) and 9(b), both the estimated
working fluid temperature and the estimated exhaust gas tempera-
ture exhibit good tracking performance to experimentally meas-
ured values. The estimator is activated at the onset of
postevaporator vapor detection (~36 s), as shown in Fig. 9(a), and
the NMPC is activated once the estimator error falls within the
prescribed threshold (~291 s), as shown in Fig. 9(d). In Fig. 9(¢),
working fluid temperature follows the set point closely after
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Fig.9 Case study 1: Performance evalu
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NMPC activation at 291 s. Prior to NMPC engagement, the work-
ing fluid mass flow rate is controlled by PID controller. This result
exhibits successful NMPC plus EKF implementation for heavy-
duty diesel ORC-WHR system control during steady-state engine
operation.

Case study 2: The PID and NMPC vapor temperature control
are compared during an engine step change. The PID gains are
extensively tuned in experiments at engine transient conditions
and working fluid temperature step change scenarios. Each of the
P, I, and D gains are saved in a three-dimensional table given
exhaust gas waste heat power and working fluid evaporation pres-
sure as the inputs. The experimental results are shown in Fig. 10.
All the data shown in the plots are experimentally measured data.
Subplots (@) and (b) show that the measured engine speed and tor-
que profiles are the same for both the multiple-loop PID and
NMPC control scheme tests. Subplots (¢) and (d) show the meas-
ured TP exhaust gas temperature and mass flow rate at evaporator
inlet, providing further proof that the two experiments are provid-
ing nearly identical ORC-WHR inputs to the respective control-
lers. Subplot (¢) shows the working fluid inlet temperature, which
is subject to condenser functionality. The condenser has adequate
cooling to maintain constant the working fluid inlet temperature
between the two tests. The condenser is cooled by the test cell
building water (20-25 °C), which explains the low temperature of
the working fluid inlet temperature (26—28 °C). Subplot (f) shows
that the evaporation pressure of these two tests is similar. Since
the turbine inlet valve is closed during these tests, the evaporation
pressure can exceed the nominal point during high speed/load
engine operation because the conditions surpass the bypass value
orifice area design points. The varying pressure supplies an addi-
tional challenge to the NMPC due to the varying evaporation
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Fig. 10 Case study 2: PID and NMPC comparison at engine step change

temperature. In addition, the varying pressure represents power
production conditions when the turbine is running and the bypass
valve is closed for the turbine power maximization purpose. Dur-
ing the turbine operation, the pressure ratio is between 10 and 30
and turbine runs in choked flow [26]. In this condition, the evapo-
ration pressure is proportional to the working fluid mass flow rate
rather maintaining a constant value. Subplot (g) shows the
multiple-loop PID and NMPC plus EKF temperature control per-
formance. The NMPC plus EKF reduces the magnitude of

051001-8 / Vol. 142, MAY 2020

temperature oscillations and produces a shorter settling time than
the multiple-loop PID control during the engine step change. The
temperature performance can be explained by subplot (/). Initially
(100-200 s), the multiple-loop PID control responds faster than
the NMPC because the feedforward in the PID control detects the
increase in exhaust mass flow. However, PID working fluid mass
flow increases too much, resulting in the large undershoot of
working fluid vapor temperature at around 200s. In comparison,
the relatively slower NMPC plus EKF response leads to vapor
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temperature increases between 120 and 160s. Then, the NMPC
produces less working fluid mass flow oscillation after 200s
thanks to the future prediction capability. This case study shows
an example of NMPC and PID control comparison. More PID and
NMPC comparison in the ORC-WHR application can be found in
Refs. [13], [20], and [32].

Case study 3 (test 1): The NMPC experimental results from
test 1 are shown in Fig. 11. At the constant engine operating condi-
tion, the exhaust gas temperature and mass flow rate are almost con-
stant with £ 0.5°C and * 0.002kg/s variation, respectively. In
addition, working fluid inlet temperature and evaporation pressure
have little variation. At 30's, the working fluid mass flow starts climb-
ing right after the reference temperature changes. Due to the delay of
the heat exchanger, it takes around 10-20s for the working fluid
vapor temperature to drop. The estimated temperature aligns well
with the measured temperature. At the first step change, the working
fluid mass flow rate increases fast in a very short time to facilitate the
working fluid temperature drop. Then, mass flow rate reduces signifi-
cantly to reduce the temperature undershoot and finally stays stable.
Similar phenomenon is observed at the second step change.

Case study 3 (test 2): In this test, both the working fluid vapor
temperature reference and the engine speed/torque profile undergo
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step changes. The NMPC plus EKF experimental results are
shown in

Figure 12. Similar to the previous test, the exhaust gas tempera-
ture experiences 150 s phase lag due to the aftertreatment system
thermal inertia. However, the exhaust mass flow rate decreases
simultaneously with engine speed. Working fluid inlet tempera-
ture is nearly constant and only increases 0.7 °C during the 520's
test. Working fluid evaporation pressure is also very stable at a
nominal reference. The working fluid vapor temperature is well
regulated by the NMPC and only minor errors are observed.
Working fluid mass flowrate exhibits only small oscillations dur-
ing the step change.

Case study 3 (test 3): This test is designed to verify the NMPC
plus EKF temperature tracking performance over a large range of
engine operating conditions. The experimental results are shown
in Fig. 13. During the 1050 s test, exhaust gas temperature varies
in the range of 288-320 °C and exhaust gas mass flow rate varies
from 0.26kg/s to 0.48 kg/s. The open-loop cooled working fluid
inlet temperature varies in narrow range (27-33 °C). During high
engine speed and load operating conditions, the turbine bypass
valve saturates at its fully open position and working fluid evapo-
ration pressure becomes a function of working fluid mass flow
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Fig. 11 Case study 3—test 1: constant temperature reference at engine speed/load mild step change
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Fig. 12 Case study 3—test 2: temperature step and engine speed/torque mild step

rate. The working fluid vapor temperature experiences its maxi-
mum overshoot (15°C) and undershoot (20°C) during the first
step change. The first step is the most severe step change, induc-
ing a 300 rpm and 300 N-m change to engine operation. The sec-
ond largest overshoot (13 °C) occurs during the third step change,
which is the second most severe. At this step change, engine speed
steps down 200rpm and torque steps down 200rpm. The con-
straints of working fluid vapor temperature and working fluid

051001-10 / Vol. 142, MAY 2020

mass flow are also shown in subplots (g) and (/). It is shown that
both constraints are satisfied by NMPC and no constraint violation
occurs during the engine speed and torque step changes.

The working fluid vapor temperature mean absolute error, abso-
lute mean error percentage, maximum absolute error, and maxi-
mum absolute error percentage from the three tests are shown in
Table 1. The temperature error percentage is calculated in degrees
Kelvin and the denominator is set as 523K (i.e., 250 °C). Among
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Fig. 13 Case study 3—test 3: constant temperature reference at multiple speed/torque step change

Table 1 Working fluid vapor temperature mean error, mean error percentage, maximum error, and maximum error percentage for
the six tests

Case study Working fluid vapor temperature Working fluid vapor temperature Working fluid vapor temperature Working fluid vapor temperature

3 test number mean absolute error mean absolute error percent maximum absolute error maximum absolute error percent
Test 1 34K 0.65% 10.6 K 2.03%
Test 2 2.1K 0.39% 57K 1.09%
Test 3 39K 0.75% 20.0K 3.82%
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the three NMPC plus EKF transient tests, the mean absolute work-
ing fluid vapor temperature errors are within 5 K or 1%. The maxi-
mum absolute temperature error and error percentage are 20K
and 3.82%.

7 Conclusion

In this paper, an augmented working fluid vapor temperature
control scheme of NMPC plus EKF is validated in experiments. A
complete ORC-WHR system coupled to a 13 L heavy-duty diesel
engine is utilized in the experiments. In the transient experiments,
the NMPC plus EKF exhibits superior performance relative to a
multiple loop PID in terms of error magnitude and settling time.
An additional three tests are conducted to verify the NMPC plus
EKF capability over different transient scenarios. The results
show that the NMPC working fluid vapor temperature tracking
mean absolute error is less than 4K or 1%. The working fluid
vapor temperature maximum error percentage can be controlled
within 4%.

This control strategy has been validated against multiple engine
speed and load step change scenarios. The NMPC plus EKF
design can be used for driving cycle working fluid vapor tempera-
ture regulation purposes. However, steady-state error caused by
the discrepancy between the control-oriented model and the test
rig does exist. This could be resolved by adding an integral term
within the NMPC. This will be quantified in future work. More
importantly, the experimental fuel economy impact will be con-
ducted in the future as it is the final goal of the NMPC. In the fuel
economy analysis, the turbine electric and mechanical power pro-
duction should be compared.
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Nomenclature

A = heat transfer area (m?)
C, = heat capacity (J/kg/K)
d = diameter (m)
h = working fluid enthalpy (J/kg)
= length (m)
= mass flow rate (kg/s)
= temperature (K)
T = time (s)
U = heat transfer coefficient (J/mz/s)
V = volume (m?)
z = location in flow axis direction (m)
p = density (kg/m?)

N3

Subscript

f = working fluid

g = exhaust gas

w = wall separating working fluid and exhaust gas
1,2,3 = liquid phase, mixed phase, and vapor phase
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