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Abstract—In this paper, methods suitable for sensing
the output load current (or current consumption) of
analog circuits were studied and analyzed. The main
focus was paid on approaches that can be implemented
on a chip. The proposed approach for sensing the output
current of a DC-DC converter is based on measuring
the slope of a voltage sensed by an output bypass
capacitor. Such an indirect sensing approach shows
better efficiency than a common shunt resistor sensing
method. The presented approach was used in a flyback
type DC-DC converter. The simulated results prove
better voltage conversion efficiency using the proposed
indirect measurement approach.
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I. INTRODUCTION

Nowadays, the low power consumption is one of
the most important parameters to fulfill in integrated
circuits (ICs) and complex systems on chip (SoC)
design. Therefore, for the low-power analog IC design,
it is rather essential to establish (or know) currents,
which flow through particular circuit branches. This
feature contributes to overall electronic system effi-
ciency significantly. The current value often serves
as a parameter that controls the other parts of the
electrical circuit or system. One of the field, where
the electric current can be used as the control signal,
is a controller for DC-DC converters. A flyback DC-
DC converter can be classified as a simple topol-
ogy isolated converter that is widely used as the
power supply circuit in cellphones, notebooks, per-
sonal computers, LCD TVs, and other portable devices
[1]. A transformer is used in the flyback converter
for energy storage, input-output isolation and output
power transformation [2]. The schematic diagram of
a flyback DC-DC converter is depicted in Fig.1. The
orientation of primary and secondary winding is not
same. Operation of the flyback converter is rather
simple. When the switch (NMOS transistor) is turned-
on, energy from the input DC source is stored in the
primary winding of the transformer. When the switch
is turned-off, the stored energy is transferred to the
secondary winding.

II. OVERVIEW OF EXISTING APPROACHES

Several different current measurement methods
have been developed so far. Since lot of complex ICs
are digitally controlled nowadays, it is necessary to
convert the analog current value to a digital form. The
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Fig. 1: Flyback DC-DC converter

solution to this task is the use of an analog-to-digital
converter [3].

One of the simplest methods of measuring electric
current is using a shunt resistor. This method is based
on the Ohmic law. Disadvantage of this measurement
method is lays in the increase of power dissipation
originating from the shunt resistor, which is connected
to the circuit. The power dissipation value is given by:

Ploss = i2 * R (1)
The particular way to sense the voltage drop across

the shunt resistor is to use an non-inverting amplifier.
Such a setup is depicted in Fig.2.
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Fig. 2: Non-inverting amplifier measurement setup

However, using a non-inverting amplifier to sense
a voltage across the shunt resistor can lead to mea-
surement errors. The important source of error is a
parasitic resistance R, of connections that appears
in series with Rgpqn:. Depending on the application,
I10qq current can change its value within hundreds
of amperes. Therefore, already a small value of R,
might produce a significant error voltage Ve,ror [4].

More efficient way of sensing the voltage drop
across the shunt resistor is to use a differential am-
plifier instead of the non-inverting amplifier. Such a
setup is depicted in Fig.3. This solution eliminates



a voltage drop across R, because the differential
amplifier senses a voltage between A and B points (a
voltage drop across the Rgpyunt). The output voltage
of the differential amplifier is then as follows:
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Fig. 3: Measurement of a current using the differential
amplifier

Another measurement technique for current sens-
ing is to use a MOSFET transistor acting like a
resistor. Assuming the small drain-source voltage, the
equivalent large signal resistance of the device is:

L
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where p is the mobility of charge carriers, C,, is
the oxide capacitance per unit area, V7 is the threshold
voltage and Vs is the voltage between MOSFET gate
and source electrodes. The current flowing through
a MOSFET is determined by the voltage between
drain and source electrodes, supposing that Rpg of
the MOSFET is known. The main disadvantage of
this measurement technique is low accuracy, since
C,y; and p are parameters affected by the particular
fabrication process. Moreover, Vr varies according to
the temperature change [5].

Another measurement approach uses a sensing
transistor in parallel with the power MOSFET, which
represents a highly effective way of measuring the
load current in power electronics [6]. In this approach
called SENSEFET, the measured load current is split
into two branches - the switching power MOSFET
and sensing MOSFET transistor [7], [8], as shown
in Fig.4. The topology is based on two parallel FET
devices with a common gate and drain connections
but separate sources, which forms a current mirror.
Typically, the sensing circuit is designed in such a way
that the ratio between the sensing (mirror) transistor
and the switch (source) transistor is 1:1000. This set-
tles also a ratio between I,,,;,ror current and I,y ce)
current [9]. The comparison of different measurement
methods for the electric current sensing is depicted in
Tab. 1.

III. PROPOSED CURRENT SENSING APPROACH

As part of our research, we decided to focus on
indirect measurement methods. The great advantages
of such a method is its lossless since there is no
sensing component connected in series with the load,
if compared to commonly used direct methods. This
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Fig. 4: SENSFET equivalent circuit

Technique Advantages Disadvantages

. . . Low efficiency
External sensing resistor High accuracy

Known resistor value

On-resistance of Power MOSFET Lossless Low accuracy

Lossless
Possible integration Matching issues
SENSFET

Practical Low bandwidth

Moderate accuracy

Tab 1: Comparison of current measurement meth-
ods [10].

approach considers a high value of the output load
capacitor, where linear dependence of the output volt-
age in time can be observed. In such a case, the
output voltage change directly depends on the output
load current variations. Our research was focused
on comparison of the proposed approach to ordinary
direct shunt-based measurement method in terms of
the conversion efficiency of the DC-DC Flyback con-
verter.

The block diagram of the whole indirect measure-
ment system for the load current sending is depicted in
Fig.5. It contains five circuit parts: a frequency divider,
a 4-channel multiplexer, a driver, a 9-bit counter, and
a slope detector.
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Fig. 5: The proposed current measurement method.

The output voltage representing the load current
of the measured system (a flyback converter) is led to
the slope detector input labeled as V7,,4. The slope
detector is realized by a window comparator. Two
inputs REFy and REF] set the length of a time
window for the measurement. By this window the
counter is activated. The references are powered by an
external power supply. Principe of the slope detector
function is depicted in Fig.6. Then, the measured



output load current is given by:

1= 057 (4)

where C' is value of the external capacitor, dv is
a change of the output voltage that set to constant
value of 50mV, and dt is time during which the
output voltage drops from REFy to REFT. If these
comparators have significant input offset voltage, a
measurement error will occur. For this reason, it is
necessary to set wider intervals for counter counting
(to be explained) that represent particular current
values. In the first approximation, the input offset of
comparators used in the slope detector have not been
considered.
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Fig. 6: Principle of the slope detection

The role of a frequency divider is to divide the
input reference frequency Ref., by two, four and
eight. All outputs from the frequency divider are fed to
a 4-channel multiplexer. The reference clock signal is
connected to one of the multiplexer inputs as well. Its
function is to link one of the inputs clock signals to the
output. The multiplexer is controlled by 2-bit signal
sel < 1 :0 >, which selects the desired switching
frequency, as given in Tab. 2.

sel<1:0> | Frequency [kHz]
00 Ref_clk
01 clk_div2
10 clk_div4
11 clk_div8

Tab 2: The frequency selection by a multiplexer

The heart of whole indirect measurement system
is a 9-bit counter, which measures time. The counter
linearly increments its output by each rising edge of
the clock signal clk.,un:. The counter input signal
labeled as EN tuns on the counting process, and
the input signal RST o, resets the counter. Another
very important block for the proper functioning of
the whole system is the driver. This block checks
the actual state of counter and sets its output to the
respective value of sel < 1:0 > in order to properly
adjust the switching frequency for the counter. The
relation between the selected switching frequency, the
output current value, and the counter state is depicted
in Tab 3.

frequency [kHz] I_out [mA] count
10 461
50 20 336
30 294
40 272
50 247

100
60 231
70 218
80 209
90 195

200
100 184
110 175
120 167
130 154

400
140 143
150 133

Tab 3: Conversion table between counted value, output
current and switching frequency.

IV. SIMULATION RESULTS

The schematic diagram of the top level functional
demonstration of the proposed indirect measurement
method of the output current, which was applied to
the flyback DC-DC converter, is depicted in Fig.7.
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Fig. 7: The load output current measurement method
applied to the DC-DC converter.
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The basic parameter of transformer include:
Lprim = 500pH, Lgc = 14pH, Rypim = 0.5Q
and Rg.. = 50mf). The controller consists of three
main blocks: the proposed indirect measurement of
the output current, a lookup table (LUT), and a pulse
generator. The pulse generator is a sequential circuit
that was described at RTL (Register Transfer Level)
using Verilog language. It generates the control signal
pulseqy:, which drives the high power NMOS tran-
sistor at the primary side of the flyback transformer.
The control signal is determined by a 5-bit input ¢,,,
and a 9-bit input ¢, . One could classify this type of
control as pulse width modulation (PWM) and pulse
frequency modulation (PFM). The input signals for
the pulse generator are led from a LUT block, which



is controlled by a 9-bit signal count,,; generated by
the indirect measurement method system. The LUT
translates data obtained from the measurement method
into a signal that is fed to a pulse generator. Thus, the
control switching signal for the high power NMOS
transistor is constructed from %, and t,;; values
obtained from the LUT.

The proposed measurement circuit together with
the flyback converter were simulated in Cadence
design environment under different conditions. Pa-
rameters t,, and t,;y were swept, and the overall
conversion efficiency of the converter was verified.
The best efficiency was achieved for the load output
current values (measured by the proposed current
sensing method) and respective parameter t,, and
tor s values given in Tab. 4.

Tout [MA] ton [ps] togs [ps]
150 0.8 160
125 0.8 160
100 1.7 255
75 1.2 240
50 1.7 170
25 1.7 170

Tab 4: Method parameters obtained by simulation.

In order to compare the proposed indirect cur-
rent sensing method to the shunt-based measurement
method. The schematic diagram of the direct shunt
measurement method, used in simulations, is depicted
in Fig. The shunt resistor was connected in series with
the output DC-DC converters. 8. The simulation con-
ditionals were the same for both investigated methods.
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Fig. 8: Flyback converter with shunt measurement
method.
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The obtained simulation results are depicted in
Fig.9. The shunt resistor value was changed to find
out the effect on converter efficiency. It can be ob-
served that by the direct current sensing method, the
efficiency of DC-DC converter can be reduced. On the
other hand, the converted efficiency is not influenced
by the implemented current sensing approach based
on the converter output voltage slope analysis. The
appropriateness of the proposed approach is more
pronounced for higher values of the output current
(above 100 mA).

V. CONCLUSION

An indirect approach based on the voltage slope
measurement for sensing the output load current of a
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Fig. 9: Convertor efficiency for different measurement
methods.

voltage converter is presented. Selected measurement
methods were applied in the flyback DC-DC converter
and analyzed. A comparison of these measurement
methods has been done in terms of the converter
efficiency. The obtained results shows that the pro-
posed approach is a proper method for estimation the
output load current. Additionally, no sensing element
connected in series with the load is needed, and
therefore, the power efficiency of a converter is not
influenced. On the other hand, the presence of voltage
comparators in the slope detector circuit may cause an
inaccuracy in the slope measurement. Therefore, our
future work will be focused on the robustness analysis
of the proposed measurement system.
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