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Efficiency of a Regenerative Direct-Drive
Electromagnetic Active Suspension

Bart L. J. Gysen, Member, IEEE, Tom P. J. van der Sande, Johannes J. H. Paulides, Member, IEEE, and
Elena A. Lomonova, Fellow, IEEE

Abstract—The efficiency and power consumption of a di-
rect-drive electromagnetic active suspension system for automo-
tive applications are investigated. A McPherson suspension system
is considered, where the strut consists of a direct-drive brushless
tubular permanent-magnet actuator in parallel with a passive
spring and damper. This suspension system can both deliver active
forces and regenerate power due to imposed movements. A linear
quadratic regulator controller is developed for the improvement
of comfort and handling (dynamic tire load). The power consump-
tion is simulated as a function of the passive damping in the active
suspension system. Finally, measurements are performed on a
quarter-car test setup to validate the analysis and simulations.

Index Terms—Active suspension, permanent magnet actuator,
quarter car .

I. INTRODUCTION

T
HE CURRENT and future trend in the automotive in-

dustry is toward commercializing hybrid electric vehicles

(HEVs) and full electric vehicles. An example in this trend is

the in-wheel motor, which has high performance, increased ef-

ficiency, an absence of mechanical gears, flexibility, and less

space requirements at the sprung mass for the placement of, for

example, a battery pack [1]. Aside from all the improvements,

this technology has a major drawback, and it is shown that the

comfort and stability drastically decreases due to the increase in

unsprung-to-sprung mass ratio [2]. Although in-wheel motors

allow the degree of freedom to independently control traction

and brake forces [3], the improvement of comfort is extremely

difficult. Therefore, an active suspension system will be neces-

sary for the successful implementation of these systems.

Electromagnetic active suspension systems increasingly be-

come attractive replacements for the currently installed passive,

semiactive, and hydraulic active suspension systems due to

the their efficiency and decreasing costs [4], [5]. Research has

proven that the limited force density of an electromagnetic

system, compared with a hydraulic system, can be overcome

by the proper choice of design, materials, and geometrical

optimization, resulting in a relatively high force density of 663
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kN/m [6]. In addition, the ability of regeneration, although

limited [7], makes these systems more suitable due to the

importance of reduced CO emissions. Due to the develop-

ment toward HEVs, electromagnetic suspension systems are

easier to implement, because HEVs have their own energy

storage system, which controls the peak power demand and

regenerative power of the active suspension system [8]. Finally,

these systems offer an increased bandwidth of about a factor

10, relative to hydraulics and pneumatics, which drastically

improves the performance with regard to the comfort, stability,

and flexibility of full vehicle control. This paper investigates

the efficiency and power consumption of a direct-drive electro-

magnetic active suspension system, as shown in Fig. 1, which

consists of a coil spring in parallel with a brushless tubular

permanent-magnet actuator (TPMA) [2], [6 ], [9]–[12]. Due

to its high force density, ideally zero attraction force, tubular

structure, and the absence of mechanical gearbox, the system is

an excellent candidate for providing active forces within a very

short response time. Furthermore, it can directly transfer linear

motion into electrical energy, decreasing the overall energy

consumption. In Section II, the topology and specifications of

the electromagnetic suspension system are given, together with

the performance data of the developed prototype for a BMW

530i, as shown in Fig. 2. The modeling and control design for

the comfort and handling objective is discussed in Section III.

Initially, the amount of passive damping in the active suspension

is considered a variable, and a linear quadratic regulator (LQR)

controller is developed for the given specifications, depending

on the amount of passive damping. Section IV shows the

simulation results for all the criteria, giving an overview of the

overall power consumption and efficiency. Measurements on a

quarter-car test setup, including the prototype active suspension

system, prove the simulated performance and indicate the

power consumption for comfort and handling settings. Finally,

conclusions are drawn in Section V.

II. ELECTROMAGNETIC SUSPENSION SYSTEM

The volumetric specifications of the electromagnetic suspen-

sion system are taken such that a retro fit on a BMW 530i is

possible. The passive strut of the McPherson suspension will

be replaced by the electromagnetic suspension system shown in

Figs. 1 and 2 . It consists of a passive coil spring to support the

sprung mass and a direct-drive brushless TPMA to deliver ac-

tive forces. With regard to safety, the suspension system should

provide damping when a power breakdown occurs; hence, a pas-

sive damper should be incorporated into the active suspen-

sion system. This condition can be obtained through an oil-filled

0018-9545/$26.00 © 2011 IEEE
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Fig. 1. Direct-drive electromagnetic active suspension system.

Fig. 2. Prototype of the electromagnetic active suspension system for a BMW
530i together with the wheel hub.

damper in parallel; however, because an electromagnetic actu-

ator is considered, it is obtained through eddy currents that are

induced in the conducting unlaminated stator.

The question is what the amount of passive damping should

have an efficient system, given certain specifications for com-

fort, tire load, and suspension travel. In general, lower passive

damping will increase the ability of regenerating power, because

the actuator has to perform the “damping” function; however,

the safety decreases, because less passive damping is present

when a power breakdown occurs. Therefore, during the initial

analysis, the amount of passive damping will be considered a

variable, and the influence on the performance and power con-

sumption will be analyzed.

This suspension system was already optimized and designed

in [6], resulting in the TPMA having the permanent magnets

(PMs) on the outer tube and a three-phase slotted stator as the

inner tube. The PM array is attached to the wheel hub through an

aluminum housing, as shown in Fig. 1. The slotted stator with a

three-phase winding topology is attached to the car body; hence,

moving wires are avoided. The actuator is designed for min-

imal copper losses for a mean output force of 1 kN. The param-

eters of the constructed prototype are summarized in Table I.

The force–current dependency is shown in Fig. 3 , together

with the approximated motor constant of 115 N/A, which is

valid up to 2100 N. The 12-V battery of common passenger

cars is not considered a limit, because the development in the

automotive industry is toward higher voltage levels, particu-

larly in HEVs and full electric vehicles. The actuator will be

TABLE I
PARAMETERS OF THE TPMA

Fig. 3. Measured active force as function of the quadrature current of the elec-
tromagnetic active suspension system.

driven by a pulsewidth modulation (PWM) current-controlled

three-phase amplifier with a dc bus voltage level of 340 V (

170 V), a switching frequency of 20 kHz, and a current con-

trol loop bandwidth of 3 kHz. Hence, with an electromotive

force (EMF) constant of 76.6 Vs/m, the speed could reach

up to 2.21 m/s, which is far beyond the maximum speeds that

occur in the suspension system [2]. The amplifier can provide

a three-phase current of a 30-A root mean square (rms)

and a 60-A peak. The axial output force of the actuator will be

modeled as , where is the amplitude of the

three-phase commutated quadrature current given by

(1)

(2)

(3)

for phases a, b and c, respectively, with being the commutation

angle and being the pole pitch of the quasi Halbach PM array.

Because the scope of this paper is on the average power levels

of the active suspension strut, an ideal amplifier is assumed with

an ideal current control. One phase leg of the circuit diagram

is shown in Fig. 4, and the associated equations for the copper
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losses , mechanical power , and supply power are

given by

(4)

(5)

(6)

(7)

with being the simulation length, which is set to 30 s. Inher-

ently, the TPMA will have eddy current losses, which will re-

sult in damping forces ; however, these forces are not consid-

ered “losses,” because they contribute to the value of the passive

damping . Because the suspension system can work in four

quadrant operations, the passive damping can be decreased

(motor mode) and increased (generator mode) by applying ac-

tive forces (see Fig. 5). The efficiency of an electromechanical

servo system is generally defined as the ratio between the ef-

fective delivered mechanical power and the total input power.

However, for an electromagnetic suspension system that works

in four quadrant operations, the mechanical output power is not

necessarily “effective” or “useful” output power. The following

different cases have to be considered.

• and . The actuator works in the generator

mode and partially delivers power to the dc bus; hence, the

efficiency is defined as follows: .

• and . The actuator works in the motor

mode, and the dc bus partially delivers power to the ac-

tuator; hence, the efficiency is defined as follows:

. The efficiency is defined negative, because

energy is delivered by the battery.

• and . The actuator works in the gen-

erator mode, and the dc bus delivers power. This situation

occurs when extreme damping is necessary. The regener-

ated power and the supply power are dissipated as copper

losses; hence, the efficiency is zero.

• , and . This situation never occurs.

Hence, overall, a positive value of gives the efficiency of re-

generated power from the active suspension system, whereas a

negative value of gives the efficiency in which electrical en-

ergy is converted into mechanical energy for the active suspen-

sion system. Although the use of PMs results in a system with

high performance and efficiency, it makes the system expensive

and dependent on the availability of rare-earth materials. Future

research is necessary in reducing the amount of rare-earth mate-

rials, e.g., replacing the PMs by electromagnets. However, this

approach drops the fail-safe functioning of the active suspen-

sion system. Investigation of different topologies, e.g., tubular

induction or tubular flux switching actuators, is given in [11] ;

however, it is concluded that these topologies do not provide the

necessary force density that PM topologies can offer.

Fig. 4. Circuit diagram of one phase leg.

Fig. 5. Force velocity characteristic with various modes of operation.

Fig. 6. Quarter-car model.

TABLE II
PARAMETERS OF THE BMW 530I

III. MODELING AND CONTROL DESIGN

A quarter-car model, as shown in Fig. 6, is used to predict

the actuator efficiency under the influence of road disturbances

with the parameters given in Table II. The degrees of freedom

include the vertical movement of the sprung and unsprung

mass . The road disturbance is typically modeled as a white

noise disturbance with a first-order filter [13], i.e.,

(8)

Together with a gain for the white noise , which is fitted

on a sample time of 1 ms, various road types can be described,
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Fig. 7. PSD spectra of the simulated and measured road profiles.

TABLE III
PARAMETERS OF THE ROAD PROFILES

depending on the forward velocity and the shaping param-

eter . The power spectral density (PSD) of the measured road

profile as a function of the spatial frequency is calculated

through the method described by Welch [14]. The PSD of the

white noise together with the proposed road filter is de-

fined by

(9)

Fig. 7 shows the PSD of two typical road profiles together with

the measurements for the smooth asphalt and very rough pave-

ment; furthermore, the International Standards Organization

(ISO) 8608 lines [15] are shown. The 2 slope is clearly shown

in this figure. The typical road parameters used in this paper are

summarized in Table III. The quarter-car model including road

disturbances is generally modeled in state space as

(10)

(11)

where is the white noise input, is the input given by the

actuator force , and is the state vector given by

(12)

TABLE IV
WEIGHTING FACTORS

TABLE V
PERFORMANCE DATA OF THE PASSIVE BMW 530I SUSPENSION

Matrices , , and now become

(13)

(14)

(15)

With matrices and , the output variables are determined.

Of interest here are the vehicle comfort and road holding with

constraint to suspension travel. This condition results in the fol-

lowing and matrices:

(16)

(17)

Control of the active suspension is performed using an LQR

controller, where it is assumed that the full state is measurable

[16] and the system is linear with all the parameters known [17]

or is successfully estimated as shown, for example, in [18]. A

quadratic weighting criterion [19] is used such that, by choosing

the weighting factors (see Table IV), one or two of the criteria

can be emphasized. Furthermore, the actuator forces and speeds

have to be within the specifications, and the maximum suspen-

sion travel should be smaller than or equal to the suspension

travel of the passive BMW strut for fair comparison. The per-

formance of the vehicle with passive suspension is summarized

in Table V. The criterion reads

(18)
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Fig. 8. Block scheme of the total model.

where is chosen to be a diagonal matrix that contains the

weighting factors. Variation calculus and differentiation leads

to the state feedback [20], i.e.,

(19)

where is given as

(20)

and is the solution of the Riccati equation. The weighting

factors contained in the matrix , which are obtained through a

constrained nonlinear optimization algorithm, are summarized

in Table IV. In Fig. 8, the block scheme of the total modeling

strategy performed in Matlab Simulink is given. The road input

and the calculated actuator force are the inputs for the

vehicle dynamics of the quarter-car model. The resulting state

vector is then measured and used as an input for the controller

. The desired actuator force and the dynamics given by the

state vector determine the consumed or obtained power of the

active suspension system through (4)–6). When the full-car dy-

namics are considered, the quarter-car model can be extended

to the full-car model as given in [21]. This model allows for

the inclusion of roll, pitch, and yaw control and facilitates the

calculation of the resulting power consumption of these control

strategies. However, this case is outside the scope of this paper.

IV. SIMULATIONS

In total, four different situations are simulated, and for every

situation and for passive damping values ranging from 0

Ns/m to 2000 Ns/m, the average mechanical power, supply

power, and copper losses are calculated. The results for the

comfort objective are shown in Fig. 9(a) and (c) for smooth and

rough roads, respectively. It can be observed that the actuator

works in the generation mode when is smaller

than 287 Ns/m and in the motor mode beyond. For a comfort

setting, the total damping is required to be relatively low, and

therefore, the actuator forces are relatively low (see Fig. 10) for

low passive damping, resulting in low copper losses. Hence, the

overall efficiency is optimal for low passive damping, as shown

in Fig. 11. When the passive damping increases, the actuator

needs to lower this passive damping (and hence should work

in the motor mode) and changes the system from delivering

energy to consuming energy. The power levels for the tire load

objective are shown in Fig. 9(b) and (d) for smooth and rough

roads, respectively. The actuator works in the generator mode

up to 1845 Ns/m, because a tire load setting requires a very stiff

suspension system (high damping). Furthermore, the copper

losses are more significant, because higher actuator forces are

necessary (see Fig. 10 ). This case results in a zero overall

efficiency up to Ns/m, and beyond this point, the

actuator works in the motor mode. For the tire load setting,

the actuator works as a generator; however, all the energy is

dissipated, because extreme force levels are required to obtain

the required handling. The improvement in percentage for the

comfort and tire load settings compared to the passive BMW

suspension are independent of and are shown in Table VI,

where a positive number corresponds to an improvement. To

calculate the comfort, the sprung acceleration is weighted

according to the ISO 2631 criterion [22]. Because each con-

troller in its turn focuses on either comfort or dynamic tire

load, only an improvement on one of the criteria is expected. In

general, the control design is a tradeoff between both criteria,

or adaptive control should be applied to combine both benefits.

Furthermore, the choice of is closely related to the fail-safe

operation, where passive damping is necessary, which will

reduce the amount of regenerated power, as can be observed

in Fig. 9(a) and (c). A time plot of the required actuator forces

for a smooth road is presented in Figs. 12(a) and 13(a) for

Ns/m and Ns/m, respectively, where it

can be observed that the required performance of the actuator

is higher for the tire load objective in terms of peak and rms

force and bandwidth. The sprung acceleration for both damping

values are shown in Figs. 12(b) and 13(b), where, for the com-

fort objective, the 71.47% improvement in acceleration level is

clearly visible. In Figs. 12(c) and 13(c), the tire load for both

damping values is shown, where, for the tire load objective, an

improvement of 52.53% is observed. Comparing Figs. 12 and

13, it can be observed that, for both values of damping, the

same performance in comfort or handling is achieved. Finally,

the necessary supply power for both cases is shown in Figs. 14

and 15 for Ns/m and Ns/m, respectively.

For the case Ns/m (see Fig. 14), it is shown that, for the

comfort objective, on the average, the supply power is negative,

implying that energy is regenerated from the road vibrations.

For both cases, the supply power for the tire load objective has

much more high-frequency content. This case is because, for

the comfort objective, the road input is filtered by the double

mass-spring-damper system, whereas to reduce the tire load,

the high frequency road vibrations directly act on the tire.

V. QUARTER-CAR TEST SETUP

To verify the results obtained with the simulations, measure-

ments were performed on a quarter-car setup, as shown in Fig.

16, where the schematic representation is given in Fig. 17. The

road disturbances are performed by an industrial tubular actu-

ator [see Fig. 17(a)] in parallel with a spring to support the

weight of the total moving mass of the setup. A proportional–in-

tegral–differential (PID) controller with notches is used to con-

trol the industrial tubular actuator, which follows the reference

signal , as formulated in Section III. The tire stiffness and

unsprung mass , as modeled in Section III, are represented

by a coil spring and a mass [see Fig. 17(b) and (c), respectively]
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Fig. 9. Average power as a function of the passive damping for the various objective/road situations. (a) Comfort/Smooth road. (b) Tire load/Smooth road. (c)
Comfort/Rough road. (d) Tire load/Rough road.

with equivalent values, as shown in Table II. The unsprung mass

is connected to the sprung mass [see Fig. 17(e)] through the sus-

pension strut [see Fig. 17(d) ]. The setup has been designed such

that the suspension strut can be replaced for either the passive

or the active strut. Both masses are guided by linear bearings,

allowing only a movement in the -direction. Because the ac-

celeration of the sprung mass is a good indication of comfort,

it is directly measured using a Kistler 8330A3 accelerometer.

Furthermore, the acceleration of the unsprung mass is measured

using a Kistler 8305B50 accelerometer. Because the suspension

travel is necessary to commutate the actuator and is a con-

straint of the suspension system, it is measured using a MicroEp-

silon ILD1402-200SC laser sensor. A similar sensor is used to

measure the tire compression . Finally, the road position is

measured using an incremental encoder that was attached to the

industrial tubular actuator. Using these measurements, the full

state is reconstructed as

(21)

(22)

(23)

(24)

Furthermore, the three-phase currents and voltages are mea-

sured to determine the supply power of the active suspension

Fig. 10. Actuator force as a function of the passive damping for every situation.

system. The aforementioned analysis was performed for a

varying value of passive damping . The prototype electro-

magnetic active suspension, however, is designed with fail-safe

passive damping, where the value of is around 1600 Ns/m.

Hence, only the performance data for this value of will

experimentally be verified. Fig. 18 shows the PSDs of the simu-

lated and measured quarter-car model. As shown in this figure,
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Fig. 11. Efficiency as a function of the passive damping for every situation.

TABLE VI
IMPROVEMENT IN % PERFORMANCE COMPARED TO THE PASSIVE BMW

SUSPENSION

Fig. 12. (a) Actuator force, (b) sprung acceleration, and (c) tire load for � �

� Ns/m, emphasizing comfort and dynamic tire load for a smooth road.

up to 30 Hz, the simulated and measured roads are similar,

and above this frequency, the industrial actuator cannot follow

the road signal. This case is, however, not a problem, because

frequencies up to 30 Hz are of most interest when considering

the ISO 2631-1 weighting criterion. Furthermore, it is shown

that the PSDs of the sprung and unsprung acceleration and the

suspension travel closely match. At 65 Hz, a resonance peak

can be observed in the measurements, and this resonance is

Fig. 13. (a) Actuator force, (b) sprung acceleration, and (c) tire load for � �

���� Ns/m, emphasizing comfort and dynamic tire load for a smooth road.

Fig. 14. Supply power for � � � Ns/m for the comfort and tire load objec-
tives.

caused by the windings of the support spring in parallel with

the industrial tubular actuator.

This setup could be extended to a half- or full-car setup; how-

ever, considering the costs, it is more beneficial to use a real car

on top of four electromagnetic shakers. This way, the real ge-

ometry of the total suspension system is included, as well as the

rubbers and bushings of the suspension. Furthermore, the cor-

rect bending and torsional modes of the car chassis are included.

The situation with rough road in combination with the tire

load objective could not be performed, because the industrial ac-

tuator cannot deliver the desired forces due to the high dynamic

load of the active suspension system, as Fig. 10 predicts. Fur-

thermore, the situation with rough road in combination with the

comfort objective can be performed for only 50% of the rough

road gain . Fig. 19 compares the ISO weighted sprung ac-

celeration achieved with simulations and measurements. It can
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Fig. 15. Supply power for � � ���� Ns/m for the comfort and tire load
objectives.

Fig. 16. Quarter-car test setup.

be observed that, although the measured values differ from the

simulated values, a clear correlation is visible. When empha-

sizing comfort, acceleration values are clearly lower than the

passive BMW suspension (36% for the smooth road and 43%

for 50% of the rough road). The difference between the simula-

tions and the measurements can be accounted for by unmodeled

cogging forces of the active suspension and the stick–slip fric-

tion of the actuator, which become dominant at lower accelera-

tion levels. Furthermore, vibrations are still conducted through

the bearings of the test setup. These effects are less visible for

the handling controller due to the relatively higher acceleration

levels. The dynamic tire load comparisons are shown in Fig. 20,

where a similar correlation can be observed, which can be at-

tributed to the same reasons as shown in Fig. 19. An improve-

ment of 54% in handling for the smooth road is obtained com-

Fig. 17. Schematic of the quarter-car test setup.

Fig. 18. PSD of road input, sprung acceleration, unsprung acceleration, and
suspension travel for a smooth road of the quarter-car test setup.

pared with the passive BMW suspension. The actuator forces

are compared in Fig. 21, where, for the comfort objective, a

good correlation is obtained. However, a clear difference is ap-

parent for the handling objective for a smooth road, which is

caused by the unmodeled resonance peak at 65 Hz of the support

spring in parallel with the road actuator. To minimize the tire

load variation, this resonance has to be minimized, which results

in a higher actuator force at that particular frequency than in the

model. Fig. 22 relates the actuator supply power of the simula-

tions with the measurements. The average power consumption

for the comfort objective is lower for the measurements. Be-

cause the body acceleration levels are higher, the corresponding
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Fig. 19. Simulated and measured rms ISO weighted sprung acceleration.

Fig. 20. Simulated and measured rms dynamic tire load.

Fig. 21. Simulated and measured rms actuator forces.

suspension travel and speed will be lower; hence, the mechan-

ical output power is lower. Furthermore, the actuator force for

this objective is lower than the measurements (see Fig. 21), re-

sulting in lower copper losses. A snapshot of the supply power

for the comfort and tire load objective for the smooth road is

given in Fig. 23, where the supply power for the tire load objec-

tive has a higher frequency content, as observed during simula-

tion.

Fig. 22. Simulated and measured supply power.

Fig. 23. Time plot of the supply power for a smooth road and both objectives.

VI. CONCLUSION

A direct-drive active suspension that comprises a TPMA in

parallel with a coil spring has been considered for the objectives

of improvement in comfort or reduction of the dynamic tire load.

The suspension system can generate power as a result of the

various road vibrations. Two different road profiles are defined

based on measurements, and two LQR controllers are derived

for both objectives. The efficiency of this electromechanical

system was defined and simulated for the various situations. For

safety reasons, a passive damping should be present; however,

this condition strongly influences the efficiency of the suspen-

sion system. Lower passive damping results in higher efficiency

for the comfort objective; however, for the tire load objective, no

energy can be recuperated due to the required force levels and

corresponding copper losses. Measurements were performed on

a quarter-car test setup with a prototype electromagnetic sus-

pension system with a relatively high damping (considering the

fail-safe system) on a smooth road. For the comfort objective,

a reduction of 36% in ISO weighted sprung acceleration is ob-

tained at the expense of 47 W per wheel, and for the tire load ob-

jective, a reduction of 54% in the dynamic tire load is achieved
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at the expense of 37 W per wheel. These results indicate that this

electromagnetic suspension system can significantly improve

both comfort and handling with minimal power requirements

of between 150- and 300-W overall power consumption for the

total vehicle, depending on road conditions and objectives. Con-

sidering a different passive damping, the power consumption

can further be reduced.
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