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Abstmct-This paper provides a model of the auto- 
mobile chassis impedance for the purposes of predicting 
voltage distortion. A discrete-time model of the chassis 
and a method for identifying its parameters is intro- 
duced. The usefulness of the techniques developed in 
this paper are demonstrated using experimental data. 

Index Term-  parameter estimation, power quality, 
automotive electrical systems. 

I. BACKGROUND 
Modern automobiles incorporate more actuators, 

heaters, and other electrical loads than have automobiles 
in the past. This proliferation of high current, high power 
loads is presently challenging the longstanding assumption 
that the entire chassis will remain at  one potential under 
a variety of different operating conditions. New voltage 
standards, alternator designs, and power electronics 
ensure that sufficient electrical power will be available 
for next-generation automotive loads [l], [2]. This paper 
considers the less obvious problem of transient voltage 
distortion resulting from load currents in the automobile 
chassis. The model and methods developed in this paper 
could help designers avoid problems related to high-power 
loads and may be useful for locating intermittent shorts 
and other faults. 

The structure of the chassis plays a pivotal role in the 
automobile electrical system. Most loads in the automobile 
are connected as illustrated in Fig. 1. Current is carried by 
wires from the positive terminal of the battery to the loads 

distortion prediction in a “body-in-white” Ford Sable 
automobile Chassis. 

11. MODEL SELECTION 

The electrical behavior of a steel sheet is first cbarac- 
terized by using the test apparatus in Fig. 2. The damped 
ringing current waveform which results from a steplike 
voltage input, as shown in Fig. 3, suggests that the steel 
sheet behaves like an inductor and a resistor in series. 
Figure 3 also illustrates the relatively good agreement be- 
tween the measured current and the current predicted by a 
resistor-inductor model. This resistor-inductor model cor- 
responds well with physical intuition. The steel is expected 
to have some resistance, and an inductive component is 
also expected because current is flowing either in or near 
the ferromagnetic chassis [6] .  This direct contribution to 
the inductance is supplemented by a contribution due to 
the loops created by the proximity of the current-carrying 
wires. 

A discretotime formulation of the model was used 
because the parameters ol‘the model were estimated with 
sampled data. The discrei;e-time constitutive relationship 
between the voltage across the steel sheet and the current 
Rowing through it is 

C(k] = a@] + bi[k - 11 (1) 

and returned through the chassis. Electrical connections to 
the at locations called tubonding points,x 

This paper provides a multi.input, multi-output model 
of the electrical behavior of the chassis that can predict 
voltage distortion given currents flowing into the electrical 
bonding points. we can predict voltage distortion with a 

are where a and b are parameters. The predicted voltage 0 
is generated by this discrete-time model, while ZI denotes 
the experimentally measured voltage. The model used to 
produce 6 can be thought of as a discretization of the 
continuous-time equation of the resistor-inductor model, 

di(t) O ( t )  = 1,- + Ri(t) 
dt 

~~ 

minimal number of sensors by combining this technique 
and the current disaggregation techniques developed in [3], 
[4]. This paper begins with a model characterizing the elec- 
trical behavior of a sheet of steel. The model is extended to 
predict the electrical behavior at the bonding points on an 
automotive c~,assis, A parameter identification method [5] 
for the model is given in Section 11. Experimental 
in Section 111 show the application of this model to voltage 

Figure 4 illustrates an electrical chassis model of the 
chassis based on the results of the single sheet. The four 
corners of the model correspond to the four bondillg point 
on the chassis. Most loads in the automobile, such as brake 
lights and headlirhts, are counected to one of these four 
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bonding points. The parameters ai and bi of the steel sheet 

to variations in the amouut and shape of steel between 
each pair of bonding points. 
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Fig. 1. Physical configuration of a representative electrical load. 
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111. PARAMETER IDENTIFICATION 
The parameters of the the chassis model in Fig. 4 are 

identified by minimizing the loss function 
N 

9(P)  = (v[kI - C,[k1)2 (3) 
k = 1  

where v[k] represents the set of 6 measured voltages 

i2 

;; = [ i ; ] ( lo)  
Ikl 25 

(4) 

and C,[k] represents the set of 6 predicted voltages which 
depend on p, the 6 pairs of parameters ai and b, of the 
chassis model. The constitutive equations for C,[k] can be 
written as 

60pF 

Solid State Switch 

813[k] = a&[k] + b&[k - 11 (7) 

A method for simulating the voltage distortion by using 
a current measurement and an initial set of chassis model 
parameters is thus needed to construct g ( p ) .  The core 
of this simulation method lies in solving a complete set 
of node and loop equations, examples of which are given 
by Equations 8 and 9, for all of the branch currents and 
voltages corresponding to the chassis model in Fig. 4. 

i l + i 2 + &  = 2, (8 )  

(9) 2121 + U 1 4  -2124 = 0 

The matrix form of the full set of node equations is 
shown in Equation 10: 

1 i6 1 [k] 

or, in more compact notation: 

1 20 

0 Measured current 
0 1 4 

  time(^)^ x 10-1 

Fig. 3. 
through the  steel sheet. 

Plot of the measured and predicted currenis flowing 
Fig. 2. Characterization current source. 

2507 



Fig. 4. A refined electrical model of the automobile chassis, representing its nature as an interconnextion of steel panels. 

N then requires only the iteration of Equation 16 by using 
the measured current. Fin.dly, the set of simulated voltage 
waveforms v can be crezted by applying the pertinent 
constitutive equations: 

(11) 
In comparison, the matrix form of the loop equations is 

Ai[k] = b[k]. 

given by Equation 12. r cZl 1 r il 1 

a6 I (13’ 
0 0 a3 --a4 0 

-a1 a2 0 0 0 -a6 
r bi 0 0 b4 - b K  0 1 

The parameters of the chassis may now be identified 
by comparing the simulai;ed voltage distortion with the 
measured voltage distortion. While we assumed that the 
initial guess of the parameters po produced the correct 
voltage predictions, this will not usually be the case. This 
po is refined by using the: first simulation of the voltage 
distortion +,, and the measured voltage distortion v to 
construct g(p). The Levenberg-Marquardt nonlinear least 
squares algorithm [7] is used to repeatedly refine j~ and 
recalculate +, until the simulated voltage distortion is 
acceptably close to the set of measured voltages v. 

Although the best Pararmeter estimates Will be produced 
when all Of the possible voltage measurements are made, a , 
subset of voltage waveforrns can also be used to generate 
a set of Parameters. For example, if only vzi,  2123, and 
2134 are measured, a set of parameters for all 6 branches 
may still be obtained with the same parameter estimation 
method with only a small modification to the residual’s 
structure. These parameters estimates do not characterize 
the electrical behavior of the chassis as well as those 
parameters obtained using the voltages measured along 
all four branches. 

pb = L -bi bz 0 0 0 -be b6 1 ’ (14) 
0 0 b3 -bq 0 

All of the above current and voltage constraints can be 
combined into Equation 15, which relates i[k] and i[k - 11 
to the source b[k]. 

[ P̂ , ] ilk] t [ 2 ] ilk - 11 = [ 3 (15) 

A complete set of branch currents i[k] is needed to 
predict the voltages; by moving t e r m  around as in Equa- 
tion 16, these branch currents may be obtained by solving 
a conventional least squares problem, The QR decompo- 
sition is used to solve Equation 16, avoiding the poorly 
conditioned approach of solving the normal equations. 

[ p”, ] i [ k ]  = [ ] - [ :T ] i [ k  - l] (16) 

The process of computing i[k] begins by ensuring that 
the system is at  rest (no current flowing) at  the start of 
each dataset, so that i(O] = 0. Solving for ilk] over I ;  = 1 : 
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Fig. 5. Current transient injected into node 2 with an excitation from the headlight 
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The sampling period T, used during the acquisition of 
the current and voltage data also affects the estimated 
parameters. In particular, if T, is chosen to be too small, 
the parameter estimates will he extremely sensitive to 
noise. The value of T, which we used was 2ps. 

IV. RESULTS 
Voltages ~114,  uzl, ~ 2 3 ,  and 2134 (as seen in Fig. 4) were 

measured with ADA400 differential preamplifiers, while 
the current injected into node 2 was measured with a Tek- 
tronix A6303 current probe and AM503B current probe 
amplifier. The current was returned from node 4, which 
corresponded to the front right corner of the car. All of 
the waveforms were acquired with a Tektronix TDS744A 
oscilloscope. 

Two different sets of data were obtained. The first was 
used for the purposes of generating a set of parameter 

estimates, while the second was used to validate these 
estimates. The first dataset was excited via the setup 
illustrated in Fig. 2. The size of the capacitor was adjusted 
to produce sufficient dynamics to support good estimates 
of both the inductive and the resistive effects. 

The validation dataset excited the transients by using 
a setup similar to that in Fig. 2 ,  with a Wagner halogen 
headlamp replacing the capacitor and resistor. A head- 
lamp was used to validate the test apparatus because 
the ability to predict the voltage distortion caused by a 
headlight is immediately applicable to the modern auto- 
mobile. A representative headlight current transient can 
he seen in Fig. 5 ,  and the accompanying voltage transients 
and predictions can be seen respectively in Figs. 6, 7, 8, 
and 9. The noise observed on these voltage predictions 
is an artifact of the numerical method used to obtain the 
branch currents for the predictions. The predicted voltages 
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x 10-4 Time(s7 x i o 4  

-0.005; 
Time(s3 

Fig. 7. 
headlight injected into node 2. 

Plot of ~ 2 3  resulting from a current excitation from the Fig. 6. 
headlight injected into node 2. 

Plat of ~ 2 1  resulting from a current excitation from the 
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Fig. 8. Plot of "34 resulting from a current excitation from the 
headlight injected into node 2. 

closely match the observed voltage distortion, indicating 
that the model may successfully be used to predict voltage 
distortion at many points in the body, by only measuring 
the current flowing at one point. ' 

V. DISCUSSION 
We have demonstrated the success of applying the 

discussed modeling techniques to the automobile chassis 
for the purposes of the prediction of voltage distortion. 
This model is particularly relevant because it can predict 
the voltage distortion created a t  many bonding points 
when a current is injected into only one bonding point. 
We anticipate that this model of the automobile electrical 
system will be useful in many applications, such as the 
precise location of intermittent wiring faults. 
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Fig. 9. Plot of "11 resulting from a current excitation From the 
headlight injected into node 2. 
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