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Abstract—Conventional power converter circuits include two
types of current sensors, one for current control and the
other for overcurrent protection. Recently, research has been
conducted on current sensors intended to be integrated inside
power modules. These sensors are supposed to protect a power
device from overcurrent. In addition, power converter circuits
must implement current sensors for ac-side current control.
Normally, these current sensors are used independently; thus,
two types of sensors are required. However, if the sensors for
protection could also undertake current control, then the sensor
for current control can be eliminated. The current waveform
of power devices is in the form of pulsed waveforms. Thus, a
sampling technique considering sensor position and synchronous
sampling is necessary. This paper proposes a control procedure
for output current using current sensors integrated inside the
power modules. It is clear that the relationship between the sensor
position and the sampling point for unipolar-modulated single-
phase inverters. The validity of the proposed method is proved
through an experiment with common current sensors installed in
series with the power device. In addition, it should be considered
that a practical current has the frequency characteristics, so
the simulation including sensor characteristics was performed.
Finally, the validity of a current control method is experimentally
confirmed.

Index Terms—Current Control, Current sensor, Digital Con-
trol, Inverter, Sampling

I. INTRODUCTION

Power converter circuits for motor drive and utility applica-
tions have been widely used for saving energy and realizing
multi-functions. One of the common uses of these converter
circuits is AC output current control. Therefore, there is
considerable research for studying current control and its
applications [1]-[3]. Normally, current control is applied to
conventional feedback control using digital or analog circuits.
To realize stable control and fast response of current control,
the instantaneous current waveforms should be detected with-
out any propagation time delay. Generally, current sensors are
installed at the ac side of the converter circuit for detecting a
low-frequency component such as 50/60-Hz sinusoidal current.

The principles of the current sensor for ac current detection
are based on a current transformer or Hall effects, among
others. There are some papers which are applying their own
developed current sensor to application of power converter
circuits [4]-[9]. In addition, current sensors integrated inside
power modules has been proposed [10]-[13]. The purpose
of the sensors is mainly for overcurrent protection in power
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devices. If these current sensors integrated inside the power
module could be appropriately used for control, eliminating
the sensor installed at the ac side is possible. As a result,
miniaturization and higher-power density of the circuit will
be achieved. When those sensors are used for ac-side current
control, the sensing method for output current should be
discussed. However, integrated current sensors can detect only
pulse-shaped current waveforms. If output current can be
restored from pulse-shaped current, the sensors could be used
for current control. Normally, the power converter circuit has
to connect to the current sensor, as shown in blue, outside
the power module in Fig. 1. If current control can be realized
using an integrated current sensor, no current sensor needs to
be connected, as shown in Fig. 2.

To restore sinusoidal current waveforms, digital control
has to be applied. In addition, both the sampling point and
the switching timing should be synchronized. The current
waveforms inside the power module for the inverter circuit
depend on the relationship between the power devices and
sensor positions. Current control for motor drive is also
discussed in [14] using the developed current sensor inside
the power module; however, the relationship between the
sensor position and the sampling point has never discussed
in detail. Especially, detecting the current waveform during
narrow pulse width conditions is difficult.

This paper presents current control using pulse current
detection under any pulse width operations. First, the rela-
tionship between the sensor position and the sampling point
is discussed. The output current of the inverter circuit can
be controlled using just one current sensor for the single-
phase full-bridge inverter circuit, but the sensor position has
to be changed depending on the current waveforms. Due to
the sensor characteristics, controlling the output current using
just one sensor is difficult. This paper proposes current control
using two pulse current sensors. The experimental results will
demonstrate the validity of the proposed method.

II. PULSED CURRENT SAMPLING AND SENSOR POSITION

Fig. 3 shows the circuit configuration of the full-bridge
single-phase inverter, and the current sensors inside the power
module are connected in series with each power device. This
paper presents that output current can be controlled using these
current sensors. Here, ¢4 denotes the current flowing into the
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Fig. 1: Conventional circuit
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Fig. 3: Circuit configuration

power device S1. The current waveform ¢4 becomes pulse-
shape current waveform. Then, the pulsed current is sampled
for detecting instantaneous current.

Table I summarizes the relationship between sensor posi-
tions and sampling points for single-phases inverter circuits.
The PWM signal of the inverter circuit is generated based
on a triangle carrier waveform. When using one sensor, the
sampling point is decided by the sensor potions.

Fig. 4 shows the waveform of a single-phase inverter with
unipolar modulation. It is confirmed that the output ac current
flows into that device when the power devices are in the ON
state. Thus, the instantaneous output current can be sampled
using the module current sensor during the ON state of the
power device. From these waveforms, the output current can be
obtained by selecting appropriate sensors during the ON state.
It should be noted that there is selectivity of the synchronous
sampling point and power module current sensors.

III. SIMULATION RESULTS

A. Simulation results using ideal current sensor

Table II shows the circuit parameters of the single-phase
inverter circuit. The DC input voltage is set to 100 V. The
sampling frequency becomes the same as the carrier frequency
as sampling is performed once each switching cycle. The
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Fig. 4: Example of unipolar-modulated inverter

current sensor A is used for current control; hence, current
sampling is conducted at the lower vertex of the carrier
waveform. Fig. 5 shows the simulation result with an ideal
condition when the switching frequency is set to 20 kHz. It
can be confirmed that the output current is properly controlled
through pulsed current sampling. Thus, only one current sensor
integrated in the power module can control the output current.

B. Simulation results including practical sensor characteris-
tics

Especially, the output characteristics of the current sensor
such as delay and frequency bandwidth must be considered.
Thus, simulation considering the frequency bandwidth and the
output delay characteristics was performed. As a frequency
characteristic of a first-order low-pass filter (LPF) is used, and
the output delay characteristics of the interval period is set
as delay time. Fig. 6 shows the simulation result considering
sensor characteristics, and an uncontrollable region appeared.
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TABLE I: Relationship between sensor positions and sampling.

Sensor position

| Sampling Point | Sampling Number | Smapling Frequency

AorC Positive Peak 1 fsw

B or D Negative Peak 1 Ssw

A and B (or C and D) Both 2 2 fsw
A and C (or B and D) Both 1 fsw
A.B.C,and D Al 3 2 fow

TABLE II: Simulation and Experimental Conditions

Meaning | Value
Inductance L 6.8mH
Resistance R 21Q

Input Voltage V;,, 100V
Switching Frequency fs. | 10 /20 kHz
Output Frequency 50 Hz

Vout [V] é

Lout [A] _

HiaY YAVATA

(v VvV v Vv Vv

200 ps

Fig. 5: Simulation result of the ideal condition

As the load resistance R is set to 21 2 and the input voltage
to 100 V, the output current became almost 5 A, as shown in
the Fig. 6. As this uncontrollable region does not appear in an
ideal simulation, it is considered that the output characteristic
of the current sensor causes this uncontrollable region.

C. Analysis of uncontrollable region of the output current

Fig. 7 shows the PWM waveform when the uncontrollable
region begins and the current flowing through the SW1, which
can be detected by the sensor A. When the modulation signal
Viig 1s low, the duty ratio of the SW1 shortens. It means that
the period between the switching and the current sampling
also becomes short because current sampling is conducted at
the lower vertex of the carrier. As the output of the sensor is
affected by frequency characteristics, it is not ideal waveform,
as shown in the Fig. 7. As a result, the current sensor cannot
sample the current accurately. On the other hand, if the output

TABLE III: Elements of the Experiment

Elements | Model number | Specification
Power Device SPA20N60C3 650V, 20.7 A
Current Sensor ACS724 + 10 A, 120 kHz,
A/D Converter LTC1412 12 bit resolution /5 V

Controller FPGA Cyclone III 100 MHz clock

delay time is longer than the time from the switching period to
the sampling, the pulse current cannot be sampled, as shown
in Fig. 7.

Owing to sensor characteristics, the uncontrollable region
may appear when the ON period of the device is short. The
ON period of the device is decided as per PWM. Therefore,
if the sensor characteristics are already known, the available
circuit conditions can be decided.

Here, the modulation rate m* (voltage usage rate) is defined
as (1).

* iOllt * Zout

m= Ty e))
The ratio of the minimum ON period is considered as the
value obtained by subtracting the modulation rate m* from
100% because the switches are complementary in each leg.
This multiplied by the half of the carrier period becomes the
minimum ON time ToN_min. The period from the switching
and sampling point can be considered as half the value of
the ON time. This minimum period from the switching to
the sampling must be longer than the output delay Tyclay;
otherwise, it causes the uncontrollable region of the output
current. Therefore, the minimum condition of the safe opera-
tion without considering the frequency characteristics can be
expressed as (2).

T i Tearrier 1
ONQ_mm _ (1 _ m*) ca;rler 5 > Tdelay (2)
Then, the following modulation ratio condition is given.
4T,
m* <1 — 2 3)
Tcarrier

To obtain the correct current value of the output current,
the frequency characteristics of the current sensor should be
taken into account. To consider the frequency characteristics
as first-order LPF, the transfer function is given by

Y(s)  1/Ta
X(s) s+1/Ta

where X (s) and Y(s) denote the input and output signals
of the filter, respectively. Here, Tj; denotes the time constant

“4)
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Fig. 6: Simulation result considering the practical condition

value, related to the cut-off frequency. As the input signal of
the current sensor is pulsed current, it can be approximated
to a step input. The step response (X (s) = 1/s) in the time
domain is obtained with (5).

y(t) =1 — eTir 5)

(5) denotes that how much time is needed for the output of
the filter to become the demanded value. Therefore, if once
the ratio of the output value to the input value is set, then
the time Tyesponse required to reach that output value could be
calculated by (6).

Tresponse > _Tﬁl 111(1 - D) (6)

Here, D represents the duty ratio of the output value. The
frequency characteristics can be included in the condition of
the controllable operation region by adding the response time
Tresponse to Tdelay-

IV. EXPERIMENTAL RESULTS

A. Experimental System

Table IIT shows the circuit components in the experiment.
Si-MOSFET(SPP20N60C3) is used as the power device, and
the Hall current sensor (ACS724) is used in this experiment.
In addition, FPGA(100 MHz) is used as a digital controller.
It should be noticed that this current sensor has a 120 kHz
frequency bandwidth and a 4 ps propagation delay. The
current sensors inside the power module are demonstrated by
installing the current sensor in series with the power devices.

_3L

Fig. 7: PWM waveform and the output current of sensor A.

B. Experimental Results

Fig. 8 shows the experiment results with a 10 kHz carrier
frequency and 50 Hz sinusoidal output current. The current
sensor A was chosen, and the lower vertex of the triangle car-
rier is selected as the sampling point. From these experimental
waveforms, it can be confirmed that the output current 4., is
properly controlled with one current sensor in series with the
power device.

Fig. 9 shows experimental results for a 20 kHz switching
frequency. These circuit conditions are almost the same with
the simulation condition of Fig. 6, and the experimental
result corresponds to the simulation result. The calculation
considering only the output delay characteristics of (1) shows
that at most 66.4% of the input voltage is available, and 54% of
that is used in the experiment. It means that not only the output
delay characteristics but also the frequency characteristics
affect the emergence of the uncontrollable region. From these
results, it is difficult to realize the current control using one
current sensor inside the module.

V. ALTERNATIVE EDGE SAMPLING WITH PULSED
CURRENT SAMPLING

One current sensor can theoretically control the output
current; however, realizing current control from the viewpoint
of practical use is difficult. One of the main reasons is that a
sampling error may occur owing to the short ON pulse. When
the ON pulse period of SW1 is short, that of SW2 is longer
duration. Therefore, there is a possibility that this sampling
error can be avoided using two current sensors A and B. Here,
it should be noticed that the sampling points are different for
sensors A and B.

This paper proposes a sampling method using two current
sensors in the module, and the sampling point of the current
sensor is selected by the amplitude of the modulation signal
Vsig. Fig. 10 shows the configuration diagram of the proposal
method, and Fig. 11 shows the current control principle. When
the modulation signal is high, the ON period of SW1 will
become longer. Sensor A is selected, and the synchronous
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Fig. 8: Experimental waveform with sensor A for a 10-kHz
switching frequency.

point is moved to the lower vertex of the carrier. In contrast,
if the modulation signal is low, the synchronous point is
changed to the upper vertex and sensor B is selected. This
type of sampling that changes the synchronous sampling point
depending on the modulation signal is already proposed [15]
[16] to reduce the damage to the control of switching noises
caused.

For selecting the current sensors, A and B, this paper applies
hysteresis control depending on the modulation ratio, as shown
in Fig. 11. As mentioned above, the modulation ratio m*
represents the maximum input voltage applied to the load as
a ratio. It can be expressed in terms of PWM using the peak
value of the carrier and the maximum value of the modulation
signal, which is given by (7).

* V;ig_max
m =-———-—
Wri

(7

From (3) and (7), the condition of the hysteresis threshold
is given by (8). This equation indicates a threshold value for
hysteresis control.

4Tdelay

Vays < (1 — ) * Viri 3

carrier

When the modulation signal V;;, becomes higher than the
hysteresis threshold Viryg, the ON time of the SW1 becomes
longer than that of SW2. Therefore, current sampling can
obtain the correct output value using current sensor A. On
the contrary, when the modulation signal Vi, is lower than
—Vhvs, the ON time of SW1 is shorter than that of SW2.
Thus, current sampling should be done by sensor B.

10 ms

100 ps

Fig. 9: Experimental waveform with sensor A for a 20-kHz
switching frequency.

Vsie > Vays Use sensor A

Vsig < —Vays Use sensor B

Fig.12 shows the experimental result using the two sensors
A and B. The experiment condition is same as the case for a
20 kHz switching frequency when current control using one
current sensor is uncontrollable. It is confirmed that the output
current is accurately controlled with the proposed method.

VI. CONCLUSION

This paper proposed a current control method using pulsed
current waveforms detected by current sensors integrated in
the power module. This paper assumed that the integrated
sensor was installed in series with the power devices, and the
simulation results verify the validity of the proposed method.
A detailed analysis revealed that the uncontrollable region
appeared due to the output delay and frequency characteristics
of the sensor and that their influence could be formulized.
The validity of the proposed method was experimentally
confirmed. Therefore, it can be concluded that the output
current can be controlled by the current sensor in series with
the power device, and module current sensors for protection
has possibility to deal with this task.
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