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1 Introduction

Solar car MPPT’s are reaching efficiency’s of over 99%. In order to properly specify the efficiency it is desired
to measure this efficiency with a maximum measurement error of 0.1%. This document describes the method
that is used for measuring the electrical conversion efficiency of the Elmar Solar MPPT’s.

2 Measurement setup

An MPPT is a DC-DC converter on which a maximum power point tracking algorithm is running. The
MPPT algorithm constantly varies the input voltage while looking for the maximum power point of the solar
array. In this document a method is described for measuring the electric conversion efficiency of the DC-DC
converter at constant input current and voltages.

Figure 1: Efficiency measure setup

The setup for measuring the efficiency can be seen in Fig. 1. During the measurement the output voltage
is fixed by the load, the conversion ratio of the DC-DC converter is fixed by disabling the tracking algorithm
and fixing the duty cycle, this defines the input voltage as a ratio of the output voltage. The input current
is defined by a power supply configured in constant current mode.

The shunt resistors have 4 screw contacts allowing for a 4 point measurement so voltage drop across
contacts to the resistor are not measured. Vin and Vout are also measured using a 4 point measurement.
Inside of the screw terminals of the mating power connector, where you would normally insert the copper
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Figure 2: test-rig, showing contacts to the power connector

wiring of the solar cars wire harness, the PCB of the test rig is inserted, the load and power supply are
connected via top pads of the PCB, the voltage measurements are done through pads on the bottom of the
PCB. Losses that occur in the contact resistance of the mating power connector to the power connector on
the MPPT are included in the measurements, contact resistance of wiring that could connect to the screw
terminals of the mating connector is not included in the efficiency measurement.

3 Calculating the efficiency

The conversion efficiency η is calculated using equation 1.

η =
Pout

Pin

=
Vout × Iout
Vin × Iin

(1)

Iout and Iin are measured using shunt resistors Rin and Rout.

Iin =
VRin

Rin

Iout =
VRout

Rout

(2)

Combining equation 1 and 2 results in equation 3, this is the equation that is used for calculation the
efficiency.

η =
Vout ×

VRout

Rout

Vin × VRin

Rin

=
Vout × VRout

Vin × VRin

× Rin

Rout

(3)

4 Calibrating the shunt resistors

The shunt resistor used for both Rin and Rout is the Ohmite TGHGCR1000FE [2], 100mΩ.
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Figure 3: Shunt calibration setup

By default each resistors value is known with a 1.0%, so Rin

Rout
is known with an accuracy of 2.0%. An

error of 2.0% in the efficiency measurement is unacceptable, that’s why calibration of the shunt resistors is
required.

From equation 3 it can be noticed that only the ratio Rin

Rout
is of interest, the individual value of Rin and

Rout are not required to calculate the conversion efficiency. That’s why only a relative calibration of the
shunt resistors is performed.

During the calibration a current source supplying a current I is connected in series with both shunts
resistors at the same time according to Fig. 3. Rin

Rout
can now be calculated using equation 4.

Rin

Rout
=

Rin × I

Rout × I

=
VRin

VRout

(4)

5 Shunt resistor thermal analysis

During the measurements power is dissipated in the shunt resistors. This power in combination with the
thermal resistance causes an increase in temperature of the resistor. The increase in temperature of the
resistor in combination with the temperature coefficient causes an increase in resistance.

When both resistors carry an equal amount of current, for example during the shunt calibration, they
heat up equally and the change in resistance is approximately equal, the ratio between both resistances will
stay the same and this will not impact the efficiency measurement significantly.

When measuring the efficiency of the converter Iin is not equal to Iout, the amount of power dissipated
in Rin and Rout will be different. The base plate of both resistors are thermally connected to each other
to make sure the temperature of both resistors stays approximately equal, however there is still a certain
thermal resistance between the resistor and it’s base plate. Figure 5 shows a simplified thermal model.

The measurement of the currents for a single efficiency measurement are done 200ms apart from each other.
It is assumed that the thermal capacity of the resistors base plates is relatively high and the temperature
does not significantly change in this interval.

The difference in temperature between the two shunt resistors can than be calculated using equation 5.
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Figure 4: both shunt resistors mounted against each other and connected to the test PCB

Figure 5: Efficiency measure setup

TRin
= Tbase + PRin

× 0.56K/W

TRout
= Tbase + PRout

× 0.56K/W

∆T = (PRin
− PRout

) × 0.56K/W

(5)

Equation 6 is used to calculate the maximum ratio in the shunt resistors introduced by the difference in
temperature.

max(
Rin

Rout
) = 1 + ∆T × 60ppm/K

= 1 + (PRin − PRout) × 0.56K/W × 60ppm/K

= 1 + (I2in − I2out) ×Rshunt × 33.6ppm/W

= 1 + (I2in − I2out) × 3.36ppm

(6)

From equation 6 it can be seen that the maximum error introduced in the efficiency measurement due to
the thermals is (I2in − I2out) × 3.36ppm as Iin is limited to 7A this error is never more than 0.016% .

6 DC measurement accuracy

In total 7 factors contribute to the error during the efficiency measurement. The 4 voltages measured during
the efficiency measurement, the 2 voltages measured during the shunt calibration and the change in resistance
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DMM voltage(V) DMM range(V) ppm of reading ppm of range combined error (ppm)
Vin 40.00 100.0 45 6 60
Vout 140.0 1000 45 6 88
VRin

0.700 1.000 30 7 40
VRout 0.200 1.000 30 7 65
VRin calibration 0.900 1.000 30 7 38
VRout

calibration 0.900 1.000 30 7 38
shunt thermal 151
total 479

Table 1: Error in efficiency measurement for a specific measurement

of the shunts due to generated heat according to equation 6. To calculate the error in the measurements
done by the multimeter the manual of the keithley 2000 [1] is used, the measurement accuracy is the sum of
ppm of reading and ppm of range.

Table 1 displays how each of the 7 components contribute to the measurement accuracy for a specific
example where Iin = 7A, Vin = 40V and Vout = 140V , combining all components that impact the measure-
ment accuracy results in a maximum error of 479ppm = 0.0479%. Figure 6 shows the maximum error in the
efficiency measurement for various operation points of the MPPT.

Figure 6: maximum measurement error, Vout = 140V

7 Conclusion

Using the described method a maximum error of 0.064% in the measurement of the converter is achieved.
It should be noted that during the described method in this document it is assumed that DC currents and
voltages are measured. As the converter is a boost converter switching at a certain frequency it’s input and
output voltages and currents contain switching ripple, this might impact the power measurements.
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