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ABSTRACT 

This paper describes a method for the estimation of 
solenoid resistance. With the estimated solenoid 
resistance, PWM duty ratio can be compensated to 
achieve a robust solenoid current control. Because EHB 
is a wet type BBW(Brake By Wire), HU(Hydraulic Unit) 
performs not only ABS/TCS/ESP functions but also 
CBS(Conventional Brake System) function. To 
implement the CBS function, HU must be able to control 
the wheel pressure in a wide temperature range and for 
a long duration. During the development of EHB, it is 
found that a change in solenoid resistance is a major 
disturbance to both current control and pressure control. 
Developed method uses a model for solenoid current 
and an iterative method for calculating the solenoid 
resistance. Furthermore, the effect of measurement 
noise can be eliminated by averaging. The proposed 
method can economically estimate the solenoid 
resistance and make current control and pressure 
control very robust with respect to temperature change 
and noise. 

INTRODUCTION 

EHB is a wet-type BBW and is expected to be a next 
generation braking system. EHB is composed of 
BPU(Brake Pedal Unit), HU and ECU(Electronic Control 
Unit). During normal operation, hydraulic circuit between 
BPU and HU is disconnected by an isolation valve and 
HU controls the wheel pressure according to the driver’s 
intention. BPU absorbs the brake oil pressed by brake 
pedal operation and make the driver have the same 
feeling as a conventional brake system. In system failure 
or system off situation, hydraulic circuit between BPU 
and HU provides a mechanical backup line to ensure 
emergency braking. Although EHB cannot eliminate the 
hydraulic components, EHB separates the wheels from 
brake pedal and provide perfect active braking [2]. 
Active braking, which can be defined as a braking 
operation without driver’s pedal operation, is an 
important requirement of new system functions such as 
ACC(Adaptive Cruise Control), CA(Collision Avoidance) 
and autonomous vehicle. Especially, because the 

regenerative braking of EV(Electric Vehicle)/HEV(Hybrid 
Electric Vehicle) needs complete separation between 
brake pedal and wheels, EHB is only a practical solution. 
Almost every HEV uses EHB for the regenerative 
braking which is very important technology to achieve 
high fuel efficiency [1]. Consequently, the growth of HEV 
market means the growth of EHB production. 

 
(a) Hydraulic circuit of EHB 

             
(b) Forces related with valve    (c) Solenoid driving circuit 

Fig1. EHB valve control 

EHB needs a robust method for solenoid current control. 
In general, EHB HU uses a poppet-type valve actuated 
by a solenoid and the solenoid current is controlled by 
PWM driving method. Forces related with the valve are 
spring force, hydraulic force and magnetic force. By 
controlling the solenoid current, ECU controls the 



magnetic force and net force imposed on the valve. 
Because the solenoid resistance changes in a wide 
range (e.g. 70%~100%), the relation between PWM duty 
ratio and solenoid current varies as the solenoid 
resistance changes. Therefore, the estimation of the 
solenoid resistance is inevitable for successful solenoid 
current control and pressure control to compensate the 
PWM duty ratio. Because EHB implements CBS function 
by HU, the duration of continuous solenoid driving 
extends drastically and the compensation method used 
by MANDO ESP (Electronic Stability Program) cannot 
be applied to EHB. 

This paper introduces a model for the average current of 
solenoid driven by PWM method. If the frequency of 
PWM signal is sufficiently high with respect to the time 
constant of solenoid, the average current of solenoid can 
be modeled as if the solenoid is applied by a DC voltage 
source of which voltage is proportional to the PWM duty 
ratio. With this simple model, an equation about solenoid 
current with given initial current, voltage of power source 
and PWM duty ratio is derived. Because solenoid 
current is measured with embedded circuit, the equation 
about solenoid current becomes an equation about 
solenoid resistance. Unfortunately, the equation cannot 
be solved directly. 

With iterative method (fixed point theorem), the equation 
about solenoid resistance can be solved economically. 
Because the equation is simple and calculated in integer 
operations, the consumption of computational power is 
limited to very low amount. Averaging calculated 
solenoid resistance over a fixed duration eliminates 
modeling error and measurement noise, because 
Gaussian noise can be eliminated by averaging. With 
the estimated solenoid resistance, the PWM duty ratio 
can be compensated to make the relation between PWM 
duty ratio and solenoid current linear and static. 

The period of the current control of EHB is short with 
respect to the change of solenoid resistance. Therefore, 
the adaptive control method by the estimation of slow 
varying parameter (in this case, solenoid resistance) is 
more efficient and effective than direct control of fast 
varying current. With simple integer calculations and 
averaging, proposed method achieves robust current 
controller economically. By experiments, it is confirmed 
that the suggested method is very robust to the change 
of solenoid resistance and measurement noise.  

NEW REQUIREMENTS 

EHB must be able to estimate solenoid resistance while 
driving the solenoid because the duration of continuous 
driving is too long to ignore the change of solenoid 
resistance. 

PREVIOUS METHOD USED BY ESP 

Although ESP uses the same solenoid driving 
mechanism, ESP can ignore the change of solenoid 
resistance because the duration of solenoid driving is 

short. Before ESP starts to drive solenoid, ESP 
estimates the solenoid resistance and assumes that the 
solenoid resistance is constant during the solenoid 
driving. Fig2 shows a circuit and formula used in ESP 
method. Before solenoid driving, ESP turns off the 
power source switch named FSR. When ESP turns on 
the solenoid driving FET, current flows from a regulated 
DC power VCC to ground. ESP measures two voltages 
VS1 and VS2 to subtract the forward voltage of diode. The 
current can be calculated with VCC-VS1 and RS. With the 
current and VS2, solenoid resistance RC can be 
calculated [3]. However, because this method can be 
used only when the power source switch turns off, this 
method cannot be applied to EHB. 

 

Fig2. ESP method 

PROBLEMS OF ALTERNATIVE SOLUTIONS 

Table based method was a first candidate because table 
based method was usual in automotive control to 
compensate parameter variance. However, to construct 
a table for the estimation of solenoid resistance, we 
should use the current difference, the voltage of power 
source and the PWM duty ratio as index for the table. 
Such table becomes too large to be embedded into 
practical ECU. Software based current feedback 
controller was the second candidate. However, because 
the method needs shorter control period and much 
computational power, it is too complex to implement the 
method in a 16-bit micro-controller. Current feedback 
circuit was the third candidate because such kind of 
circuit was widely used in solenoid current control. 
However, the method needs DAC (Digital to Analog 
Conversion) port, which is not common in automotive 
ECU. Furthermore, direct current feedback circuit, which 
compares the current command and measured current 
then turns on or off the FET, generate the random 
driving signal in lower frequency range, which could 
cause EMC problem. PI controller circuit, which uses an 
error term to adjust the PWM duty ratio, needs 
complicated hardware circuit and the operation range of 
command is limited to low frequency because of heavy 
LPF(Low Pass Filter) for current averaging. 

NEW REQUIREMENTS 

Following is the requirement summary of solenoid 
resistance estimation method for EHB. 



• New method must be able to estimate a solenoid 
resistance while driving the solenoid. 

• New method must be able to cope with noise in the 
measurement of solenoid current. 

• Additional computational load should be small. 
• Additional memory consumption should be small. 
 
MODEL FOR AVERAGE SOLENOID CURRENT 

In this section, a model for average solenoid current is 
derived. Because a solenoid has inductance as well as 
resistance, solenoid current has a first order dynamics. 

DIFFERENTIAL EQUATION OF SOLENOID CURRENT 

 
(a) driving circuit       (b) ON state      (c) OFF state 

Fig3. Equivalent circuit for PWM ON/OFF state 

Fig3 shows the equivalent circuit of solenoid driving 
circuit. Solenoid is replaced with a series connection of 
resistance R and inductance L. FET is modeled as an 
ideal switch driven by PWM signal and a diode is 
modeled as a unidirectional switch. During PWM ON 
state, the solenoid is driven by DC voltage source VBAT 
and equation (1-1) is set up by KVL (Kirchhoff Voltage 
Law). i(t)  denotes the solenoid current and τ  is the 
time constant of the solenoid. Equation (1-2) is the 
solution of the equation (1-1) and IS means a saturated 
current. The solenoid current exponentially increases 
from the initial current IO to the saturated current IS. 

BAT
diRi L V
dt

+ =      (1-1) 

( ) ,  ,
t t
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During PWM OFF state, freewheeling diode (flyback 
diode) turns on and it makes a loop without voltage 
source. Ignoring the forward voltage drop of the 
freewheeling diode, equation (2-1) is set up by KVL. 
Equation (2-2) is the solution of the equation (2-1). The 
solenoid current decreases exponentially from the initial 
current to zero. 

0diRi L
dt

+ =      (2-1) 

     (2-2) 

SEQUENCE OF INITIAL CURRENT 

When PWM signal drives a solenoid FET, PWM ON 
state and PWM OFF state will repeat one after the other. 
The final solenoid current of previous state will be the 
initial current of ongoing state. The equation (1-2), (2-2) 
is generalized as the summation of geometric series. 

( )
t

i t Io e τ
−= ⋅

 

Fig4. Sequence of initial current 

IO+(n) denotes the initial current of nth PWM ON state 
and IO-(n) denotes the initial current of nth PWM OFF 
state. δ is PWM duty ratio and has a value from 0 to 1. 
T is the period of PWM driving signal. The initial current 
can be calculated recursively from first period as below 
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Careful observation shows that nth initial current is the 
summation of geometric series. Equation (3-1) defines 
the initial current of nth PWM ON state and equation (3-
2) defines the initial current of nth PWM OFF state. 
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AVERAGE SOLENOID CURRENT 

The current integration of nth PWM ON state is 
calculated by integrating the equation (1-2) detailed by 
the equation (3-1) from 0 to δ T. 
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Consequently, the current integration of nth PWM OFF 
state is calculated by integrating the equation (2-2) 
detailed by the equation (3-2) from 0 to (1-δ )T. 
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By dividing the summation of ION and IOFF by the period T, 
the equation of average solenoid current at time index n 
is derived like equation (4-1). By replacing the discrete 
index nT with continuous time t, the equation of average 
solenoid current at time t is derived like equation (4-2). If 
there is an initial current at first state, a term reflecting 
the initial current, which decreases exponentially, should 
be added. 
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APPROXIMATION OF AVERAGE SOLENOID 
CURRENT 

By applying realistic values to parameters, equation (4-
2) can be approximated in a very simple form. The 
coefficient of the exponential term of equation (4-2) is a 
function of time constant τ , period T and duty ratio δ . 
Introduction of a new variable x makes the coefficient 
become a function of x as below  

        

1,   (1 ) (1 )
T xTx

T xe e
δ
τ

δ τ
τ δ

= − ⇒ −  

Fig5 (a) shows the graph of the coefficient function when 
x ranges from –6 to 6. If the range of x is 0~0.1, the 
coefficient function has a value about –1 like Fig5 (b). 

If the PWM period T is sufficiently smaller than the 
solenoid time constant τ , x has a very small value and 
the coefficient can be approximated to –1. In our case, 
the solenoid time constant is 0.003 and the PWM 
frequency is 20kHz(T=0.00005). Therefore, x <0.017 
and the coefficient can be treated as –1. By replacing 
the coefficient in equation (4-2) with approximation value 
–1, an approximated equation of average solenoid 
current is derived like equation (5-1). It shows that the 
average solenoid current has the same time constant as 
the instant solenoid current. Furthermore, it shows that 
the solenoid current exponentially changes and 
converges to the saturated current, which is proportional 
to the PWM duty ratio. If there is an initial current at first 
state, the equation (5-1) is modified like equation (5-2). 
Equation (5-2) will be used to estimate the solenoid 
resistance afterward. 

( ) {1 }
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BATVi t
R e τ

δ −⋅= −    (5-1) 

( ) ( )
t
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R R e τ
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In Fig6, the upper graph shows a current when a 
solenoid is driven by a DC voltage source. The lower 
graph shows a current when a solenoid is driven by a 
PWM signal with 30% duty ratio. Although the lower 
graph exponentially increases and decreases according 
to the PWM ON state and the PWM OFF state, the 
envelop of the lower graph is the same as the upper 
graph. It shows that lower graph converges to the 
saturated current, which is proportional to the PWM duty 
ratio. 

 

Fig6. Behavior of average solenoid current 

ESTIMATION OF SOLENOID RESISTANCE 

Because the problem of solenoid resistance cannot be 
solved in a closed form, iterative method based on FPT 
(Fixed Point Theorem) is introduced [4]. This section 
shows that the method is robust with respect to the 
temperature change, measurement noise and modeling 
error. 

(a) –6<x<6                             (b) 0<x<0.1 

Fig5. Coefficient function 



APPROXIMATION OF SOLENOID RESISTANCE 
EQUATION 

Solenoid current measured at every control period TC is 
defined like equation (6), which is acquired by replacing t 
in equation (5-2) with TC. IO is the initial current, which is 
measured at the previous control period. The solenoid 
resistance R satisfies the equation but unfortunately the 
equation cannot be solved in a closed form. 

( ) ( )
Tc

BAT BATV Vi Tc Io
R R e τ

δ δ −⋅ ⋅= + −   (6) 

Because exponential function is unusable in an 
embedded environment, it must be approximated with a 
polynomial expression. Because the solenoid resistance 
used in EHB is in a range 4~8, Taylor series centered at 
R=6 is used. First order polynomial expression makes 
too much error. Second order polynomial expression 
successfully approximates the exponential term and it is 
depicted in Fig7 (TC=1msec, L=15mH). However, 
because the equation (7), which replacing the 
exponential term with the second order Taylor series, is 
a third order polynomial expression about R, it cannot be 
solved in a closed form, too. 

2

( ) ( )

            (0.0014916 0.06267 0.99264)

BAT BATV Vi Tc Io
R R

R R
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− +
(7) 

 

Fig7. Taylor approximation of exponential term 

ITERATIVE METHOD 

In general, an iterative method needs much 
computational load. However, because the control 
period TC is the iteration period, required computational 
load is very little. 
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Fig8. Calculated R approaches the fixed point 

To apply FPT, the equation (7) is transformed into 
equation (8). δ is a PWM duty ratio during a control 
period TC and VBAT is the voltage of power source. IO is 
the initial current of a control period and i(TC) is the final 
current of the control period. LHS(Left Hand Side) R is 
calculated with RHS(Right Hand Side) R, which is the 
calculation result of the previous control period. Equation 
(8) is calculated only once at the beginning of the control 
period. A fixed point is a cross point between the LHS 
graph and the RHS graph. As R is calculated repeatedly 
according to the equation (8), R approaches the true 
value as depicted in Fig8. In this case, the true value of 
solenoid resistance is 5.2 and it is assumed that the 
initial current is 1.2 and PWM duty ratio is 0.7. 

 

   

Fig9. Fixed point of various initial current and duty ratio 

In practical situation, pressure controller sets PWM duty 
ratio at every control period. According to the PWM duty 
ratio, initial current and final current changes. And, the 
voltage of power source is not constant. In fact, the 
graphical shape of equation (8) RHS changes at every 
control period. However, because the fixed point is the 
solution of the equation, in any situation the fixed point is 
fixed and ensures the convergence of solenoid 
resistance. Fig9 shows that in spite of various initial 
current and PWM duty ratio, fixed point is maintained. 

(8) 



Fig10 is the result of simulation. In simulation, PWM duty 
ratio is random number between 0 and 1. Fig10 shows 
that the calculated solenoid resistance approaches the 
true value rapidly. In practical situation, because the 
estimation by ESP method can be used as an initial 
value, the error is confined to very low level. 

 

Fig10. Simulation result without noise 

CONSIDERATION OF NOISE AND MODELING 
ERROR 

The sample mean of calculated solenoid resistance 
makes our method robust with respect to measurement 
noise and modeling error. Current measurement is 
supposed to have an additional noise and our model of 
average solenoid current has an error, which is confined 
to very low by sufficiently high PWM frequency. In 
general, it is possible to assume that the noise and the 
modeling error have a WGN (White Gaussian Noise) 
totally. 

Graphical interpretation of the equation (6) hints the 
effect of noise and modeling error. The LHS (Left Hand 
Side) graph of equation (6) is a line parallel with x-axis 
and RHS (Right Hand Side) graph of equation (6) is a 
smoothly decreasing curve as depicted in Fig11. 
Although it is impossible to calculate the resistance PDF 
(Probability Distribution Function) from the current 
measurement PDF, it is possible to assume that the 
current measurement PDF influence the resistance PDF 
approximately linearly. Therefore, the resistance PDF is 
supposed to be white Gaussian and the sample mean of 
calculated solenoid resistance is supposed to be a good 
estimation of solenoid resistance. 

 

Fig11. Resistance PDF and current PDF 

Simulation result shows that if WGN is added to the 
current measurement, the calculated solenoid resistance 
also has white Gaussian PDF. Although the magnitude 
of current noise is large (–50mA~50mA), the calculated 

solenoid resistance approaches rapidly the true value 
and sample mean is a good estimation of solenoid 
resistance. 

       
 (a) current noise PDF               (b) resistance PDF 

 
(c) simulation result 

Fig12. Simulation result with noise 

COMPENSATION OF PWM DUTY RATIO 

Using the estimation of solenoid resistance, the PWM 
duty ratio is compensated to achieve a linear relation 
between PWM duty ratio and solenoid current. 
Compensation method also uses the voltage of power 
source. Wheel pressure controller sends a PWM duty 
ratio to hardware controller and hardware controller 
compensates the PWM duty ratio by the proposed 
method to translate the PWM duty ratio command into a 
corresponding current command. The reference voltage 
is 12V and the reference resistance is the solenoid 
resistance at normal temperature. 
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At the beginning of a control period, the hardware 
controller calculates solenoid resistance by equation (8) 
in integer operation. It accumulates the calculated 
solenoid resistance over a fixed duration (e.g. 1 sec) and 
updates the estimation of solenoid resistance once in a 
fixed duration. As a conclusion, the proposed method 
satisfies the new requirements. 

• With the model of average solenoid current, solenoid 
resistance can be calculated in spite of continuous 
driving. 

• By updating the estimation by the sample mean of 
calculated solenoid resistance, the effect of 



measurement noise and modeling error can be 
eliminated. 

• The equation of solenoid resistance is a simple 
polynomial expression and can be implemented in 
integer operations. Furthermore, the equation is 
calculated once in a control period. Therefore, 
additional computational power is very small. 

• Proposed method requires only the accumulation of 
calculated solenoid resistance. Therefore, additional 
memory requirement is very small. 

EXPERIMENTS AND RESULTS 

Through several tests it is confirmed that proposed 
method is correct and useful to make the pressure 
controller robust with respect to temperature change and 
noise. 

Setting of experiments 

Test micro-controller is Motorola 6812DP256, which is a 
fixed-point 16bit micro-controller and operates at 25MHz. 
PWM frequency is 20kHz and control period is 1msec. 
Circuit for current measurement consists of a shunt 
resistor and an instrumental OP-AMP with 80dB CMRR 
(Common Mode Rejection Ratio). 

Invariance to ambient temperature 

In a constant temperature chamber, solenoid is driven 
with the equal test pattern of PWM duty ratio in the 
condition of –40℃,25℃,110℃. Fig13 (a) shows the 
result of uncompensated case. The solenoid current is 
inversely proportional to the temperature. Fig13 (b) 
shows the result of compensated case. The solenoid 
current has the same pattern with each other in spite of 
different ambient temperature. 

 

 
(a) without compensation           (b) with compensation 

Fig14. Invariance to continuous driving 

CONCLUSION 

This paper describes a solenoid resistance estimation 
method for the translation of PWM duty ratio command 
into solenoid current command under continuous driving 
condition. Proposed method uses the model of average 
solenoid current driven by PWM signal and a method for 
the calculation of solenoid resistance based on fixed-
point theorem. By averaging calculated solenoid 
resistance, the effect of measurement noise and 
modeling error is eliminated. With estimated solenoid 
resistance and power source voltage, PWM duty ratio is 
compensated to achieve the linear relation between 
PWM duty ratio and solenoid current. Because proposed 
method can be used while the solenoid is driven by 
PWM signal, it can be applied to the resistance change 
problem of EHB. Furthermore, proposed method needs 
very simple integer operation and small additional 
memory. Therefore, proposed method can improve the 
performance of solenoid current controller and wheel 
pressure controller economically. 
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(a) without compensation        (b) with compensation 

Fig13. Invariance to ambient temperature 

Invariance to continuous driving 

While driving a solenoid with triangular PWM duty ratio, 
the effect of resistance change caused by heat 
generation is investigated. Fig14 (a) shows the result of 
uncompensated case. As the time passes, the solenoid 
current decreases smoothly. Fig14 (b) shows the result 
of compensated case. It shows that the solenoid current 
does not change in spite of continuous driving. 


