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Context

Organic Rankine cycle (ORC) for waste heat recovery

More than a third of the energy
produced by internal
combustion engines is released
in the form of heat through
exhaust gas.

Rankine cycle is a system for
waste heat recovery.

ORC for transport application

The main di�erences with stationary applications lie in the highly
transient behaviour of the hot source, depending on driving conditions.
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Thermodynamic cycle

1 Vaporization

2 Expansion

3 Condensation

4 Compression

Superheating SH

De�nition: SH is the "distance" in kelvin of the �uid from the
evaporation temperature.

E�ective SH control is a key issue for: cycle e�ciency, component
safety.

4 / 15



Context Rankine cycle Closed-loop design Closed loop evaluation Conclusion

Rankine for automotive application

1 Vaporization

2 Expansion

3 Condensation

4 Compression

Main actuators

evaporator by-pass: lets a fraction of exhaust gas feeding ORC.

pump: circulates the working �uid.

Control objective

Respond to a power production demand while ensuring an e�ective SH
control.
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ORC: high pressure part

First model reduction

Fluid conditions in low pressure part can be seen as a (slow)
disturbance.

A power production demand is then equivalent to a high pressure
demand.

Known disturbances:

Fluid temperature at
pump (measured).

Fluid pressure at turbine
outlet (measured).

Exhaust mass �ow ṁexh

(estimated).

Exhaust temperature:
Texh (measured).
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Modeling of evaporator: moving-boundary (MB) principle

A low-order, but realistic, model of evaporator can be obtained via MB
(see e.g [Jensen, 2003]). method.

Thermodynamic variables

�uid pressure p (homogenous along the evaporator)

�uid enthalpies hi (for each zone)

wall temperatures: Tw ,i
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Mass and energy balances

Second model reduction: two time scale separation

Assume working �uid at steady-state. Then

Mass �ow is homogeneous.

Energy balance: 0 = ṁ(hin,i − hout,i ) + Q̇f ,i Li ,

where Q̇f ,i = Sf αi (Tw ,i − Tf ,i )

Dynamics of the reduced model: wall energy balance

mw cw
d
dtTw ,i = Q̇exh,i − Q̇f ,i ,

where Q̇exh,i = ṁexh cexh
(
1− exp(−αexh Sexh

ṁexh cexh
)
)

(Texh − Tw ,i )
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Explicit model

Assuming that SH is perfectly regulated1 at a constant value by the
pump mass- ow (u1), the reduced model can be written in the following
semi-explicit form:{

ẋ = f (x , p) + u2 g(x , t),
ϕ(x , p) = 0.

(1)

Proposition

There exists ε > 0 such that
∂ϕ

∂p
has a full rank on the tubular

neighbourhood

Ωε = {(x , p) ∈ R3+1; ‖ϕ(x , p)‖ < ε}.

Then, system (1) can be written in the following explicit form:
ẋ = f (x , p) + u2 g(x , t)

ṗ = −
(
∂ϕ

∂p
|x,p
)−1(

∂ϕ

∂x
|x,p
)
× (f (x , p) + u2g(x , t)) .

(2)

1[Peralez et al., 2013] showed experimentally that such assumption is realistic, even
in transient driving conditions)
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An implicit extended Kalman �lter

An implicit extended Kalman �lter2 (EKF) for system (1) is given by:


˙̂Tw = f (T̂w , p̂) + u2 g(T̂w , p̂)− SCTR−1(p̂ − p)

Φ(T̂w , p̂) = 0

Ṡ = AS + SAT − SCTR−1CTS + Q
S(0) = S(0)T > 0,

(3)

where Q is a constant symmetric positive de�nite (SPD) matrix, R is a
real positive constant and

A =
∂(f + u2 g)

∂x
|(T̂w ,p̂)

, C = ϕ−1

p ϕT
Tw
.

2see [Åslund and Frisk, 2006]
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Observer validation

Simulation results under
varying inlets:

reference model (Twi ),
observer (T̂wi ),
reference model with observer
initial conditions (T̄wi ).

11 / 15



Context Rankine cycle Closed-loop design Closed loop evaluation Conclusion

Pressure control design

Proposition

Let k > 0 then, the control

u2(Tw , p, p
SP) =

−ϕT
Tw

f (Tw , p) + k(pSP − p)

ϕT
Tw

g(Tw , t)
, (4)

asymptotically stabilizes p to the setpoint pSP . Moreover, the input u2
and the states of system (2) remain bounded.
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Realistic driving conditions

Experimental data for exhaust gas conditions that are representative of a
long-haul truck mission were used:
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Closed loop evaluation: performances

A tight pressure set-point tracking is demonstrated as long as exhaust
gas heat �ow is su�cient.
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Conclusion

Summary

The proposed scheme combines

a superheat controller,

an additional nonlinear controller, allowing pressure set-point
tracking or equivalently a tracking of power production demand.

an implicit extended Kalman Filter for wall temperature estimations.

The proposed approach has been illustrated with success in presence of
measurement noise, model uncertainties and state initial errors.

On-going work

Experimental implementation.

Theoretical proof of the asymptotic stability of the closed-loop using
the observer.
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