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The paper is devoted to the study of the characteristics and operation modes of the input rectifier in the structure of the
mechatronic module based on a brushless AC motor with permanent magnets when two-wire control from a power
source with pulse-width regulation of the sequence of rectangular voltage pulses. To reduce switching losses in the rec-
tifier MOSFETss, it is proposed to introduce additional differentiating RC circuits into the gate circuits. The influence of
the parameters of these RC circuits on the value of switching losses in transistors is studied. Preliminary values of these
parameters for minimization of switching losses are obtained. Dependences of losses in transistors and rectifier effi-
ciency on the value of load current are obtained. A comparison of rectifiers based on MOSFETSs and Schottky diodes is
carried out. Ref. 10, fig. 11.
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A distinctive feature of mechatronic modules is the integration into a single unit of an elec-
tric motor, power converter, control system and mechanical coordinate sensors in order to imple-
ment certain functions of electromechanical systems and devices, taking into account specified
technical limitations [1-4].

There are many known variants of the construction and implementation of mechatronic
modules, and the areas of their use are very extensive. Among all this diversity, there is a problem
of development of a constructive and functional analogue of a DC collector motor based on a per-
manent magnet brushless motor (PMBM) for reversible control of the angular speed of rotation of
the rotor by means of two input power conductors. Such mechatronic modules are intended to re-
place traditional DC collector motors, which have been the actuators of automated electromechani-
cal systems for many decades, and they are controlled quite simply by a transistor reversible con-
verter with pulse-width regulation of the output voltage.

The structures of mechatronic models based on the PMBM with two-wire power supply and
control were proposed in [5, 6]. They are similar to AC electric drives built on the basis of two-link
frequency converters with an input rectifier of the AC network voltage and an output three-phase
voltage inverter [7]. However, in our case, the peculiarity is that a unipolar voltage from an external
power source is supplied to the rectifier input, and after rectification, the voltage is supplied to the
input of a three-phase voltage inverter, which, depending on the polarity of the voltage at the recti-
fier input, forms a three-phase sequence of voltage pulses, which is then supplied to the three-phase
winding of the BMPM. And thus, reversible motor control is implemented.

The purpose of the paper is to study the operating modes of the input rectifier based on
MOSFETs in the structure of the mechatronic module with a brushless AC motor with permanent
magnets on the rotor, with two-wire control from a power source with pulse-width regulation of rec-
tangular voltage pulses. The features of the operating modes in question are due to the processes of
rectification of rectangular voltage pulse sequences, which can be of one polarity or another.
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Main materials and results of the research. The general structure of the brushless mag-
netoelectric mechatronic module (BMMM) [4] is shown in Fig. 1, where SS is an external power
source with an output pulse voltage, where the voltage pulses have a rectangular shape, and the
average voltage value is regulated by changing the duty cycle of the pulse sequence; R is a bridge
rectifier; S is a current sensor; VI is a three-phase bridge voltage inverter; CS is a control system;
RPS is a rotor position sensor. All elements of the BMMM - rectifier, voltage inverter, control
system, rotor position sensor and actuator brushless motor - are structurally combined in one
body. And in this case, reversible regulation of the angular speed of the motor is carried out by
two conductors connecting the power source with the module circuit. And as a result, we have a
structural and functional analogue of a DC collector motor.

SS R VI PMBM

r 1|

CS —— RPS

Fig. 1. The general structure of the brushless magnetoelectric mechatronic module

The voltage inverter circuit (Fig. 2) feeding a three-phase motor (Fig. 1) is known and tra-
ditional. In this case, the peculiarity of its control is that each of the six inverter transistors is in a
conducting state for 120 electrical degrees of the phase voltage period and conducts a rectified
sequence of rectangular voltage pulses with an adjustable duty cycle during this interval [8]. De-
pending on the polarity of the power source voltage pulse sequence, the alternation of the switch-
ing signals of the voltage inverter transistors changes, and thus the brushless motor is reversed.
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Fig. 2. The voltage inverter circuit feeding a three-phase motor

As for the bridge rectifier, in the structure (Fig. 1), it can be implemented on the basis of
four MOSFETs (Fig. 3 a) or four Schottky diodes (Fig. 3 b). In the first case, depending on the
polarity of the voltage supplied from the output of the external power source, a pair of transistors
is switched on in the diagonal of the rectifier bridge according to the open pair of diodes. The
possibility of implementing a rectifier on MOSFETs is considered in [9, 10] to reduce voltage
drops on the power switches of the rectifier.
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There are no circuit problems when implementing a rectifier based on Schottky diodes.
But in a rectifier based on MOSFETs, when rectifying unipolar sequences of rectangular voltage
pulses, a problem of transistor switching occurs due to the presence of capacitances in their gates,
which prolongs the switching process and causes additional switching losses. With a voltage
pulse sequence amplitude of 27 V and a repetition rate of 10 kHz, the switching losses in an
unloaded rectifier based on dual N and P channel IRF7343 MOSFET modules were 10.4 W,
which is unacceptable for low-power transistors in an SO8 package intended for surface mount-
ing. To overcome this problem, it was proposed to introduce additional differentiating RC circuits
(R1=R2=R3=R4=R and C1=C2=C3=C4=C), shown in the circuit in Fig. 3, for fast
charging and discharging of the gate capacitances.

In the circuit (Fig. 3 @) D1...D4 zener diodes to limit the voltage on the T1...T4 transistor
gates to an acceptable level of 18 V and R5...R8 resistors to limit the currents and power losses in
the zener diodes are introduced. According to the condition of the specified supply voltage of 27 V

and possible surges of this voltage, it is accepted RS =R6=R7=R8= R =10 kOhm.
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Fig. 3. Rectifier circuits based on MOSFETSs (a) and Schottky diodes (b)

To study the features of the operating modes of the input rectifier, the voltage inverter with a
three-phase motor is replaced by an equivalent RLE load circuit (Fig. 3).

We will study the operating modes of the mechatronic module for a low-power motor with a
diameter of 25 mm under the following conditions: nominal supply voltage of the circuit is 27 V;
voltage pulse repetition rate is 10 kHz; maximum motor rotation frequency is 12000 rpm; maximum
current in the DC link is 3 A; R, =4,62 Ohm ; L,, =0,00129 Hn. The paper considers options for
implementing a rectifier based on IRF7343 MOSFET modules, as well as 30BQ060 Schottky di-
odes.

The first task considered in the paper is to study the influence of the parameters of differen-
tiating RC circuits on the value of switching losses in transistors in the unloaded rectifier mode. To
evaluate this influence, we use the following indicators: /_, — the amplitude value of the current at

the rectifier input; /,, — the effective value of the current at the rectifier input; 7, — the value of
losses in the first MOSFET module of rectifier transistors; P, — the value of losses in the second

MOSFET module of rectifier transistors; £ — the total value of losses in two MOSFET modules of

transistors.
Below are shown the dependences of the amplitude /

max

(Fig. 4 a and b) and effective /,,

(Fig. 5) values of the rectifier input current, the power losses of two individual MOSFET modules
P, and P, (Fig. 6), as well as their total power losses P (Fig. 7) on the resistance value R at
four values of the capacitor capacitance — 750 pF,, 1.8 nF, 3.0 nF and 3.6 nF’, which are respectively
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designated on the graphs by the numbers 1, 2, 3 and 4. The calculations were performed at the duty
cycle of the rectangular pulses of the power source voltage » =0,5. Fig. 6 shows the difference in

the values of the switching losses in the first and second MOSFET modules. Obviously, the
MOSFET module in which the P-type transistor is open has a higher power value.
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Fig. 4. The dependences of the amplitude /_,  values of the rectifier input current on the resistance value R R at

X

four values of the capacitor capacitance — 750 pF, 1.8 nF, 3.0 nF and 3.6 nF'

018 Py, W
0,15 f-----n-n-
0,12 f----nnmn-
0,09 f----mnon-
0,06 ---------
0,03 f-----n-n-

l} T T E E T
0 100 200 300 400 0 30 100 130 200 250 300 330 400

a b
Fig. 6. The dependences of the power losses of two individual MOSFET
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modules P, and P, on the resistance value R

The dependencies (Fig. 4-7) were obtained for the unloaded rectifier mode. For a more vis-
ual demonstration of the area of minimum values of current and switching losses, in Fig. 4 b and
Fig. 7 b the characteristics are presented in a limited range of resistance change R.
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Fig. 7. The dependences of the total power losses PS in the resistance value R

Preliminary calculations are performed for the operating mode of an unloaded rectifier, since
it is in this operating mode that power losses are released in the transistors only due to the effect of
switching the transistors in the rectification mode of a sequence of rectangular pulses without the
influence of the load current.

Comparison of the dependencies in Fig. 4 b and Fig. 7 b shows that the minimum values of

the current amplitude 7, and switching losses P are observed at different values of active resis-

tance R. It is obvious that the selection of the parameters of the RC circuits should be carried out
according to the condition of ensuring the minimum value of the switching losses of the transistor
rectifier, which determine the thermal state of the transistors.
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Fig. 8. The dependences of the switching power losses of two individual MOSFET modules P, and P,,,

as well as of their total power losses P on the average current /, in the load circuit

for two duty cycle values ¥ =0,5(a, ¢) and ¥ =0,8 (b, d)
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At this stage, the paper does not solve the problem of optimizing the transistor rectifier to
achieve minimum losses P,, , P, and P in transistors. This problem will be considered in the

next paper. Nevertheless, the preliminary analysis of the dependencies allowed us to select such pa-
rameters of the RC circuits that provide satisfactory values of the indicators. For further studies of
the rectifier operating modes under load, R =40 Ohm and C=3 nF were selected according to the
condition of ensuring minimum switching loss power.

Further, Fig. 8 shows the dependences of the switching power losses of two individual
MOSFET modules P,, and P,,on the average current /, in the load circuit for two duty cycle val-

ues ¥ =0,5(a) and y =0,8 (b) as well as the dependences of their total power losses for the same

two duty cycle values, marked with the letters ¢ and d, respectively.
To evaluate the efficiency of the rectifier operating mode under load, we also use the effi-
ciency factor

P

_ U
B+F,
where B, is the useful power on the load, which in one period 7' of the power source pulses is de-

n

termined as
T

P, :%!um dr .
where u, , i, are the voltage and current in the equivalent RLE circuit of the rectifier load.

In addition, studies were conducted on the operating mode of the rectifier implemented on
30BQO060 Schottky diodes. Fig. 9 shows comparative characteristics of the total power loss P (a,
b), as well as the efficiency 7 (c, d) from the average current /, at two duty cycle values of y 0.5
(a, ¢) and 0.8 (b, d) of the transistor (solid line) and diode (dotted line) rectifiers.

Fig. 9. Comparative characteristics of the total power loss PS (a, b), as well as the efficiency 17 (c, d)

from the average current /, at two duty cycle values of ¥ 0.5 (a, ¢) and 0.8 (b, d)

of the transistor (solid line) and diode (dotted line) rectifiers
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The dependencies (Fig. 9) show the obvious advantage of a transistor-based rectifier over
a diode rectifier. Although it can be recognized that the advantage of the latter is its simplicity
and reliability, which may be preferable for low-power systems.

The paper did not perform a complete optimization of the switching mode of the transistor
rectifier in all its operating modes, and the parameters of the RC circuit were preliminarily selected
based on the study of the characteristics of the unloaded operating mode. Therefore, the characteris-
tics (Fig. 10) of the total switching losses (a) and efficiency (b) were additionally calculated when
changing the capacitance of the capacitor C from 1 to 4 nanofarads with an active resistance R=40
Ohm, an EMF value £, =0 and a duty cycle y 0,5.
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Fig. 10. The characteristics of the total switching losses (a) and efficiency (b) when changing
the capacitance of the capacitor C from | to 4 nanofarads with an active resistance R=40 Ohm

An examination of the dependencies (Fig. 10) shows that the lowest loss values are ob-
served with other parameters of the RC-circuits compared to the parameters selected for the
unloaded mode of operation of the rectifier. And, therefore, additional research is needed here.

Below are shown the calculated (Fig. 11 @) and experimental (Fig. 11 ) time diagrams of
the rectified voltage and the input current of the rectifier, which demonstrate the correspondence
of the studied processes in the rectifier. Experimental obtaining of the studied dependencies was
not performed, since measuring losses in low-power transistors is difficult in practice, since the
power values of these losses can be insignificant and equal to tens of milliwatts. Measuring the
values of the input current amplitude is also problematic due to the short time duration of the nar-
row input current pulse and the limited frequency properties of available measuring devices.
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Fig. 11. The calculated (a) and experimental (b) time diagrams of the rectified voltage
and the input current of the rectifier
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Conclusions. Comparison of the dependencies of maximum current values and switching
losses shows that they do not correlate with each other, and therefore optimization of the rectifier
operating mode to achieve the minimum value of losses must be carried out precisely according to
the value of the latter indicator.

The studies have shown that with the parameters of RC circuits selected for the unloaded
operation mode of the rectifier, the optimal values of efficiency coefficient are not ensured in the
operation mode of the rectifier under load and, therefore, additional studies and complex optimi-
zation are required according to the criterion of the minimum value of switching losses in the rec-
tifier transistors, taking into account the influence of the values of the load current and the duty
cycle of the input voltage pulse sequence. This problem will be presented in the next paper. Al-
though it can be noted that even with the selected parameters of RC circuits, quite satisfactory en-
ergy characteristics are already ensured.

The use of simple and reliable RC circuits for switching rectifier transistors allows avoiding
the use of expensive and complex drivers that are unacceptable for low-power devices.
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Cmammio npucesiueHo 00CIONCEHHIO XapaKMepUCmuK ma pexicumie pobomu 6xXioHo2o GURPIMAAYA Y CIPYKMYpPI Me-
XampoHHO20 MOOYIIsL HA OCHOBI DE3KOHMAKMHO20 OBUSYHA 3MIHHO20 CMPYMY 3 ROCMIUHUMU MACHIMAMU NPU 080ONPOGI-
OHOMY YNPAGIIHHI 810 OdCepeNa HCUBTICHHS 3 WUPOMHO-IMNYIbCHUM Pe2YJIIO8AHHM NOCAIO08HOCI IMNYIbCIE HANPYeUu
npamokymuoi ¢popmu. J{ns smenuwenus komymayitnux empam y MOSFETs sunpamisiua 3anponoHosano esecmu 8 Koud
3ameopie dodamkoei RC-nanyrooicku, wo oughepenyiroromo. Ilposedeno docniodicenns enaugy napamempis yux RC-
JIAHYIOJICKIB HA BeUYUHY KOMYMayinux empam y mpansucmopax. Ompumano nonepeowni 3uaueHHs yux napamempis
ons MiHIMizayii komymayitunux empam. OmMpUMaHO 3A1eHCHOCMI 8mpam y mpan3ucmopax i koegiyicuma KoOpucHoi il
BUNPAMAAYA IO BeIUYUHU CIMPYMY HagaHmadicenHs. IIposedeno nopieuanus eunpamiayie va octosi MOSFETs ma dio-
0ig Lllomku. bi6m. 10, puc. 11.

Kuro4oBi cjioBa: MexaTpoHHUH MOIyb, BUNPsMILTd Ha ocHOBI MOSFETS, Ge3KOHTaKTHHI IBUTYH 3 MOCTIHHUMH Ma-
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