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Introduction & Motivation

= Active research on energy management for HEV's

= Dynamic Programming often used for benchmarking

= Comparison of fuel consumption only valid if energy in
buffers is sustained — precision of final state is crucial!

= New method allowing for precise final state
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Formulation Optimal Control Problem

Find the optimal control sequence

w°(zo) = {ug, U1, ..., Un_1},
minimizing the cost function J(zq).

General problem Hybrid electric vehicle
N—1 N—-1
J(zo) = gn(zn)+ Y grlwe, uk, wi) J(xo) = > Amy(ug,wy)
k=0 k=0
subject to: subject to:
Tht1 = [Tk, ug, wi) + T Thr1 = f(Tk, uk, wi) + Tk
ry € Xn ry > 0.55
v € X v €[04, 0.7]
ur € Uk- U € [um’in: umax]
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Dynamic Programming — Why for HEV’s?

= Global optimum as a benchmark

= Low order of the energy management problem

= State constraints (battery state-of-charge)

= |nput constraints (power/torque constraints)

= Non-linear, time-variant model
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Dynamic Programming — Algorithm

Idea: Discretize state-space and proceed backward in time (k = N, ..., 0) to eval-
uate optimal cost-to-go and the corresponding control sequence at every node

L .
‘ fi(xi,uy)
xitl Jr(xitn)
> fie(xi,uz)
1. Assign final cost: J{(zn) = gn(2nN) S s )
a fiu(xi,u3)
2. Proceed backwards by one timestep
. . . . Xl Jen(xv) >
3. For every point in the discretized ! 0 Time
. . Source:
state-space search the Optlmal 1mnput: Vehicle Propulsion Systems, 2nd Edition
L. Guzzella and A. Sciarretta
O : o
jk (ajk) — n (gk‘(a:k‘auk‘awk) +jk—|—1 (fk(xk,Uk,Wk)))

ur €U (1)

4. go to step 2 until £ = 0 is reached
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Numerical Issues

= Optimal“ control input map with problem
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Method — Boundary Line DP

= Problem: state-trajectory close to boundary

infeasible . feasible
Tmax
1L
feasible
3 = Ji 42 1ow
_‘E ; g0 L o )
= 1o x5 o 3 ® Jii2(z")
> =
: &
_ infeasible
il.!{.-t.!'“.l
il & T &
Lmin e e e - —
L I L I
. = Lty . - 1 a5}
0 time ¢ [-] : k k41 k2

time index k
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Method — Boundary Line DP

= |nterpolation of cost-to-go at the boundary

Tk+1()
A
——— @7

infeasible feasible

0-—

jk—l—l,iow

Lh41 . low
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Method — Boundary Line DP

1) Evaluation of boundary line

a) Generally: iterative evaluation necessary min Tk low
Lk low Uk

S.t.
J1:(Zk.low, Uk) + Tk low = Tk+1.low
ur € Uy
Tk.low € Xk

b) Inversion of state dynamics possible: solving backward

2) Application of boundary line in DP
a) Augmentation of state-grid with boundary line
b) Adapted interpolation
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Results — Optimal Control Input Map

= Optimal state-trajectory exactly on boundary line
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Results — Cost-to-Go (t = 1100s)
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Results — Final State Deviation
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Results — Fuel Consumption

5.3
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Results — Function Evaluations |

= Resolution is most
important

= Reduction by omitting
unfeasible region
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= Computational cost at

comparable fuel consumption
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(rbasic Df;\ (rboundar;\ ratio
. basi
line DP || (3957
state space discretization -] Az 10~4 ||| 1.3-1073 0.0769
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function evaluations [-] Nyevar [\ 74364780 )|\ 5578935 || 13.3296

Tuesday, November 25, 2008

Department of Mechanical and Process Engineering/Measurement and Control Laboratory




| | |
ETH IMRT ¢ . Institut fiir Mess- und Regelfechnik

Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich MGGSUmeenf 0/70’ (OnffO/ [GbOIUTOF)/

Conclusions

= New method improves

Accuracy on final state:  deviation negligible for HEV
Computational burden:  reduced by factor 13 for HEV

= Applicable for

Optimal control problems with final state constraints
1-D state-space (future work: extension)

= Allows for

Application of DP for multi-parametric optimization of component
dimensions for HEV's

Application of DP in real-time control
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