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Abstract-Synchronous switch technology has been widely uti
lized in piezoelectric energy harvesting to enhance the energy har
vesting capability. It uses a switched inductor to compensate the 
capacitive piezoelectric source and achieve larger electrical damp
ing. In this paper, we extend the synchronous switch technology 
to the permanent magnet motor or the electromagnetic-rotor 
machine. The proposed synchronous switch current reversion 
(SSCR) technique utilizes a switched capacitor to compensate the 
internal inductance of a motor. SSCR can extract and dissipate 
energy from a rotating motor at a higher rate, i.e., has a larger 
braking power; therefore, it can brake the motor faster. We 
provide a theoretical study to better understand the working 
principle and evaluate the performance of the proposed SSCR 
technique. Experiment demonstrates that the braking time of 
SSCR is 43% shorter than the short-circuit braking method. 

Index Terms-synchronous switch, motor braking, current 
reversion, BLDC 

I. INTRODUCTION 

In piezoelectric energy harvesting (PEH), extracting more 

energy is the ultimate goal. Toward this goal, a lot of scientific 

research has been carried out. So, various interface circuits 

have been proposed [1]. The easiest method is to use a 

full-wave bridge rectifier (FBR) to rectify the ac voltage to 

de form. When using FBR, as Fig. 1(a) shows, there is a 

phase difference between the piezoelectric voltage and the 

internal current source. As a result, there is some negative 

power produced in each cycle, as shown by the brown area in 

Fig. 1 (e). To eliminate the negative power, the synchronized 

switch harvesting on inductor (SSHI) technology has been 

proposed [2]. The circuit topology of SSHI is shown in 

Fig. 1(b). In SSHI, at each zero-crossing point of the internal 

current source ieq• the switch turns on for half of an LC cycle, 

i.e., 1r y!IZl";. Such actions introduce two main advantages: 

• The piezoelectric voltage vp can be always in phase with 

the internal current source ieq; 
• The vp voltage magnitude can be boosted to a higher 

level. 
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Fig. I. Circuits and waveform, (a) and (e) FBR PEH circuit. (b) and (f) SSHI 
PEH circuit. (c) and (g) Short-circuit brake. (d) and (h) SSCR brake circuit. 
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In the synchronous switch PEH technology, the principle 

is using a switched inductor to compensate a capacitive 

piezoelectric source. Such a principle can be transferred to 

the electromagnetic (EM) power sources, given the topological 

contrast between piezoelectric (current source in parallel with 

internal capacitance) and electromagnetic (voltage source in 

series with internal inductance) sources. Taking the permanent 

magnet synchronous motor (PMSM) as an example, short

circuit braking (SCB) is a general technique to stop a motor 

in emergency conditions [3]. The equivalent circuit of an SCB 

PMSM is illustrated in Fig. l(c). At high-frequency operation, 

i.e., under high rotational speed, the inductive impedance 

jwLm cannot be neglected. The phase difference between the 

back electromotive forces (EMF) Vm and inductor current iL 
can be derived as 

where w, Lm, Rm, and Qm are the rotating frequency, internal 

inductance, series resistance, and winding quality factor of the 

motor equivalent circuit. Similar to the PEH case, the phase 

difference can cause some negative power, as the brown patch 

of Fig. 1 (g) shows. A PMSM was know as an inductive voltage 

source. Learning from the piezoelectric counterpart, which is 

modeled as a capacitive current source and compensated with 

a switched inductive branch, a PMSM inductive source can be 

compensated with a switched capacitive branch. 

Inspired by the SSHI technology used in PEH, in this paper, 

a synchronous switch current reversion (SSCR) technology is 

proposed to enhance the breaking performance of a PMSM. 

The topology and theoretical waveform of the proposed solu

tion are shown in Fig. l(d) and (h). It uses synchronous switch 

to enlarge the envelope of inductor current. As a result, the 

negative returning power can be eliminated, while the positive 

extracted power can be further enlarged. In mechanical do

main, SSCR technology can enhance the dissipated power of 

kinetic energy. So the proposed SSCR technique can reduce 

the braking time compared with the SCB method. In addition, 

unlike the plug breaking method [4], SSCR does not consume 

extra power to enhance braking. 

II. WORKING PRINCIPLE 

The topology of the proposed SSCR circuit is shown in 

Fig. 2. The ac back EMF Vm, internal inductance Lm, and coil 

resistance Rm form the basic equivalent circuit of a PMSM. 

Ls and Rs are the parameters of an external sensing inductor. 

Power MOSFETs M1 and M2 form a bidirectional switch. The 

capacitor Cr- is a capacitor that is used to reverse the polarity 

of the inductor current i L. In this design, a sensing inductor is 

added to sense the zero-crossing points of the back EMF Vm. 
The relationship between Vm and sensing voltage V5 is shown 

in Fig. 4(a). Such a self-sensing methodology does not rely 

on any additional sensor [5]. 

There are two main operating phases in the proposed SSCR 

circuit: short-circuit (SC) phase and current reversion (CR) 

phase. In most of a period, the motor is in SC condition, 

the conducting branch is illustrated in Fig. 3(a). The motor 

- -------- -1 

:Equivalent circui� 
I of EM motor 1 

- _L _______ .J 

Fig. 2. The scheme of SSCR circuit. 

(a) 

(b) 
Fig. 3. The operation principle of SSCR circuit. (a) short-circuit (SC) mode. 
(b) Current reversion (CR) mode. 

electrodes are shorted by two MOSFET switches M1 and M2. 
The back EMF Vm keeps energizing the inductors Lm and L8• 
The inductor current is plotted with black solid curve in Fig. 4. 

Define the back EMF as 

vm(t) = Vm sin (wt). (2) 

Neglecting the impedance of the sensing inductor L5, which 

is selected much smaller than the motor inherent Lm , the 

inductor current can be derived as follows 

v: 
iL,SSCR (t) = ;' sin [w(t-t0) - ¢] + A e-(t-to)/r, (3) 

where Vm is the peak value of the back EMF Vm, Z is 

the modulus of impedance, T is the LR time constant, ¢ is 

the angle of motor impedance, A is the coefficient of initial 

value. The modulus of impedance and LR time constant can 

be further formulated as follows 

(4) 

(5) 
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Fig. 4. SSCR principle (a) Voltage and current waveform in SSCR. (b) 
Enlarged waveform during a current-reversion instant. 

0 

Fig. 5. Normalized dissipated power of SSCR under differnt Q and J. 

Once Vm crosses zero, the MOSFETs are turned off. The cir

cuit enters CR phase, as Fig. 3(b) shows. The inductor current 

h flows into the shunt resonance capacitor Cr. After half of 

a very short LC resonance cycle, i.e., ny'(Lm + Ls )Cn the 

current polarity of i L is reversed. The value of i L becomes 

iL,sscR(h). We can define the current reversion ratio as 

(6) 

At steady state, iL,sscR(to) = -iL,ssCR(t2), so the inductor 

current can be solved as follows 

i (t) 
_ e1rfrwvm(1- J') sin(¢) e-(t-to)/r L,SSCR -

(efrw + /') 

+ ; sin[w(t-to)-¢)]. 

(7) 

With the same method, the inductor current of the same motor 

in SCB technique can be calculated as follows 

iL,scB(t) = ; sin[w(t-to)-¢)]. (8) 

The quality factor of the L-C-R loop can be defined as 

Q = wLm/ Rm. (9) 

By substituting the quality factor Q into those equations, the 

ratio of breaking power between the proposed SSCR and short

circuit case can be simplified as follows 

( 
= 

PsscR 

PscB 

s:� Vm sin(wt) iL,SSCR(t) dt 

s:� Vm sin(wt) iL,SCB(t) dt 

2(1- I') (1 + e1r/Q) Q3 
=1+ . 

n (I'+ e1r/Q) (1 + Q2) 

(10) 

The power ratio 
( 

is only related to Q and J', which means ( 
directly depends on the parameters of passive components. 

The power ratio 
( 

as functions of variables Q and /' is plotted 

in Fig. 5. According to Fig. 5, compared with the SCB case, 

SSCR has a higher dissipated power under larger Q (implying 

more inductive internal impedance) or more negative /' (im

plying more perfect current reversion). Therefore, if the motor 

runs at a higher speed or the winding has lower resistance, the 

proposed SSCR design can enhance the braking performance 

more significantly. 

Ill. EXPERIMENT 

The experimental setup is shown in Fig. 7. We use a 

Nedic 21F706L040 brushless DC (BLDC) motor to perform 

the experiment. The brushless DC motor drives a flywheel 

to a high rotation speed. Then, SSCR or SCB technique is 

adopted to carry out the braking. But limited by the mechanical 

fabrication, the BLDC can only drive the freewheel up to 

15000 RPM (500 Hz for i£). To solve the problem, an 

additional inductor is connected in series with the motor. 

The additional inductance is series inherent inductance of 

the motor, together forming a relative large Lm toward a 

high-Q condition. An ATmega328 microcontroller is used to 

control the whole circuit. The parameters of the experiment 

are provided in Table I. 

Fig. 7 shows the current and voltage waveform in one 

cycle. At each extreme iL, the inductor current is successfully 

reversed by the resonant capacitor Cr. We can observe that 

SSCR actions are performed twice in one cycle. So the 

switching frequency is reduced. The experimental waveform 

fits the derivation, and is similar to Fig. 4(a). 
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TABLE I 
DEFAULT PARAMETERS OF THE CIRCUIT 

Parameter Valueffype 

Motor 21F706L040, Nidec 

Rm 0.12 n 
Rs o.o3 n 
I -0.88 

Q (at 500Hz) 6.01 

- � - - . - ... _ . . ! I �� -...__/ 1 
- - : ---\--- 1--
_j ·� 

iill� "' - . . • -

Parameter Valueffype 

Lm 237 JLH 

Ls 50 JLH 

Cr 23.5 JL F  

f 500Hz 

Fig. 6. Experimental setup. 

sc 

I .. I 
! 
t ··j· . 
iCR1 SC 

Fig. 7. Experimental waveform of Vm and iL in one cycle. 

The SCB method is applied as a control to evaluate the 

relative performance of the proposed SSCR circuit. Fig. 8(a) 

and (b) show the inductor current iL of SCB and SSCR. From 

Fig. 8(a), when using SCB, the motor takes 9.3 seconds to stop 

from the an initial rotational speed of 15000 RPM. For SSCR, 

as shown in Fig. 8(b), the current iL is improved to a higher 

level, especially at high-speed conditions. Higher i L introduces 

higher power dissipation. So the braking time of SSCR is 

reduced to 5.3 seconds. By increasing the magnitude of i£, 
compared with the SCB case, SSCR can generate a higher 

dissipation power under the same initial rotational speed. 

Therefore, the experimental results show that the braking 

performance of the proposed SSCR outperforms its extensively 

used SCB counterpart. 
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Fig. 8. Experimental waveform (a) Vm and iL in one cycle. (b) iL in SCB. 
(c) iL in SSCR. 

IV. CONCLUSION 

Inspired by the synchronous switch technology used in 

piezoelectric energy harvesting (PEH), this paper has proposed 

a synchronous switch current reversion (SSCR) technique 

for electromagnetic EM machines (motors/generators). SSCR 

can enhance the braking performance of an EM motor. The 

advantage of SSCR is more significant under a larger winding 

quality factor. A basic theoretical study has been provided 

to explain and evaluate the performance of the SSCR by 

comparing with the short-circuit braking (SCB) case. As the 

experimental result shows, the brake time of a motor, with an 

initial speed of 15000 RPM, is reduced by 43%, when SSCR 

is used instead of SCB. Furthermore, unlike the plug braking 

solution, SSCR does not consume extra energy to intervene 

the motor braking process. 
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