Energy management
he transportation sector
accounted for 28% of total U.S.
energy consumption in 2011.
Furthermore, 93% of this consumption is fueled by petroleum
and the demand is projected
to grow in the coming decades 1. The
need to stem this consumption and
reduce greenhouse gas emissions
has stimulated the development of
hybrid vehicles; here we specifically
consider hydraulic hybrids. These
vehicles use a high-pressure accumulator for energy storage and pumps/
motors to transfer power between
the mechanical and hydraulic domains.
Energy storage enables the powertrain
to partially decouple power generation from demand, allowing for more
efficient operation, and the ability to
regenerate energy normally lost via
mechanical braking. Fluid power has
a greater power density than conventional electric technology and the
accumulator can be fully charged and
discharged safely for many cycles
without loss in performance 2. These
characteristics make fluid power particularly attractive for urban driving
applications where there are frequent starts and stops. Therefore,
research into hydraulic hybrids spans
a wide range of applications from
heavy-duty vehicles, like city buses,
to small passenger vehicles 3-8.
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Within the broad class of hydraulic hybrid powertrains, there are
three primary architectures: parallel, series, and hydromechanical. The
SDUDOOHO FRQ¿JXUDWLRQ RU SRZHU DVVLVW XVHV D YDULDEOH GLVSODFHPHQW
pump/motor and accumulator in parallel with a mechanical transmisVLRQWRVWRUHGLVSHUVHDQGUHFODLPHQHUJ\7KHDGYDQWDJHRIWKLVDUFKL
WHFWXUHLVWKDWLWLQFOXGHVWKHKLJKO\HI¿FLHQWPHFKDQLFDOWUDQVPLVVLRQ
+RZHYHUWKLVFRQQHFWLRQOLPLWVWKHÀH[LELOLW\ZKHQFRQGXFWLQJHQHUJ\
PDQDJHPHQW7KHVHULHVFRQ¿JXUDWLRQHOLPLQDWHVWKHPHFKDQLFDOSDWK
entirely and replaces it with a hydrostatic transmission that includes
DQDFFXPXODWRUIRUSRZHUVWRUDJH7KLVDOORZVHQJLQHRSHUDWLRQWREH
GHFRXSOHGIURPGHVLUHGYHKLFOHVSHHGEXWWKHWUDQVPLVVLRQHI¿FLHQF\
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FIGURE 2
Augmented Earthmoving
Vehicle Powertrain Simulator
at the University of Illinois at
Urbana-Champaign.
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is dominated by the hydraulic
components. Finally, the hydromechanical, or power-split,
architecture utilizes a combination of the series and parallel
models. This architecture offers
the advantages of both the parallel and series but with additional
AC Motor
FRPSOH[LW\ 7KHVH FRQ¿JXUD
Variable
tions are shown in Figure 1.
Displacement Pump
To realize the potential
of the hydraulic hybrid powertrain, a supervisory control
strategy is needed to regulate
energy generation and distribe required to do in the future and optimizes using this estimate 6, 11. The benbution. Design of energy management strategies
H¿WVRIWKLVDSSURDFKRYHUWKHUXOHEDVHGGHVLJQDUHWKDWWKHVROXWLRQLVQRW
(EMS) for hybrid vehicles has been an active area
OLPLWHG WR D VSHFL¿F GULYH F\FOH DQG D FDXVDO FRQWURO VWUDWHJ\ LV GHWHUPLQHG
of research for many years. There are numerous
without further analysis of the results. However, this optimization procedure
approaches to designing these strategies, ranging
still includes some implicit assumption of the drive cycle and is best suited to
from computationally demanding off line optimiDSSOLFDWLRQV ZLWK UHODWLYHO\ ZHOO GH¿QHG WUDYHO SDWWHUQV IRU H[DPSOH UHIXVH
zation techniques to heuristically derived rules 9, 10.
trucks or busses. Finally, model predictive control (MPC) uses a model of the
In the context of hydraulic hybrids there are three
system to predict how the powertrain will respond to a sequence of inputs and
popular approaches to design of real time impleRSWLPL]HVWKHUHVSRQVHRYHUD¿QLWHSUHGLFWLRQKRUL]RQ 8. Unlike the rule based
mentable EMS’s: rule-based, stochastic dynamic
and SDP solutions, MPC can be formulated without using any knowledge of
programming (SDP), and model predictive conthe future drive cycle or its statistical nature. One of the primary drawbacks to
trol (MPC). Rule based EMS’s use a set of rules or
using MPC is the intense online computation required.
logic to control the powertrain 5. They are typically
To demonstrate the capabilities of the hydraulic hybrid powertrain, couextrapolated from global optimization assessment
pled with energy management, experimental results for a series hardware-inperformed using deterministic dynamic programthe-loop hydraulic hybrid powertrain are presented. This test system, shown
ming over an assumed drive cycle. Due to the
in Figure 2, uses an electric motor to emulate an IC engine and a resistive
cycle-dependent nature of this derivation, the perhydraulic load unit to emulate vehicle driving loads. For this energy manageformance cannot be guaranteed under arbitrary
ment strategy an objective function is used which balances minimization of
driving. Stochastic dynamic programming uses
losses within each of the actuators (engine, variable displacement pump, and
probability maps in place of an assumed drive
throttling valve) 8. Through a simulation study it was found that focusing on
cycle to make an estimate of what the vehicle will
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with MPC in urban driving.

any one actuator would not minimize overall
fuel consumption. Rather, a combination of
penalizing losses in the pump and valve led to
the lowest overall fuel consumption as shown
in Table 1 8. Figure 3 shows the experimental response of the powertrain. Note that the
accumulator is repeatedly charged and discharged throughout the drive cycle, which is
feasible due to the high power density and
robustness of the gas charged accumulator.
There is potential for hydraulic hybrid
vehicles to offer a cost effective solution to
WKH QHHG IRU LQFUHDVHG HI¿FLHQF\ LQ WUDQV
portation systems. The high power density
RI ÀXLG SRZHU PDNHV LW D QDWXUDO FKRLFH
for energy storage in urban driving environments where there are frequent starts/

FUEL CONSUMPTION

(kg)

Engine Only
Pump Only

1.51
1.32

Valve Only
Best Case

1.20
1.10

TABLE 1 Simulation results for weighting
different component efficiencies.

WR MXVW PD[LPL]LQJ HQJLQH HI¿FLHQF\ 7KLV
case study also highlights the importance of
having well a designed energy management
VWUDWHJ\LIRQHLVWRPD[LPL]HEHQH¿WRIWKH
hybrid powertrain.
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FIGURE 3 Experimental powertrain response for AEVPS

stops and large acceleration/
EUDNLQJSRZHUGHPDQGV7RWDNH
DGYDQWDJH RI WKH DGGLWLRQDO ÀH[
ibility offered by energy storage
an energy management strategy
is needed. Since the opportuniWLHVDQGFKDOOHQJHVRIÀXLGSRZHU
are different than those of electrical power, unique control strategies are needed and a summary of
common EMS design methods for
hydraulic hybrids was presented.
When designing these strategies
LW LV LPSRUWDQW WR WDNH D V\VWHP
wide perspective and consider all
of the actuators within the powertrain. Through a case study
with MPC it was observed that a
27% reduction in fuel consumption could be achieved by accepting tradeoffs in individual comSRQHQW HI¿FLHQFLHV DV RSSRVHG

