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A Study for the Nanofinishing of an EN-31 Workpiece with Pulse 
DC Power Supply Using Ball-End Magnetorheological Finishing
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Ball-end magnetorheological finishing (BEMRF) is a high-level nanofinishing process used in finishing different kinds of surfaces including 
flat, 2- and 3-dimensional, and curved surfaces. In the present study, a pulse DC power supply is used to energize the electromagnet of 
magnetorheological (MR) finishing tool. The experiments have been conducted on EN-31 flat workpiece surface with and without pulse DC 
power supply using a magnetizing current (MC) 2.5 A, a working gap (WG) of 1.5 mm and a rotational speed of the tool (RST) of 500 rpm with 
a feed rate of workpiece of 50 mm/min. The study has been carried out to analyse the effect of the duty cycle on the response percentage 
reduction in surface roughness. It has been observed that an improved response percentage reduction in surface roughness has been found 
with pulsating DC power supply as compared to the response percentage reduction in surface roughness obtained with DC power supply 
without pulse at the same process parameters. After conducting the preliminary experiments, the statistical analysis was done to analyse the 
effect of various process parameters on the response percentage reduction in surface roughness using response surface methodology (RSM) 
at 0.16 duty cycle.
Keywords: BEMRF, pulse DC power supply, duty cycle, response percentage reduction in surface roughness

Highlights
•	 Ball-end magnetorheological finishing (BEMRF) is a high-level nanofinishing process.
•	 In the present study, the pulse DC power supply is used to energize the electromagnet of magnetorheological (MR) finishing tool.
•	 It is noted that the better percentage reduction in surface roughness has been achieved with a pulse DC power supply than 

without pulse DC power supply.
•	 It is also observed that the surface texture achieved by pulse DC power supply is more even as compared to that obtained 

without pulse DC power supply.

0  INTRODUCTION

In non-traditional finishing processes, the application 
of magnetic fields has become very important for 
nano-level finishing on a variety of surfaces. Nano 
finishing of critical shapes is always difficult to 
control despite the high demand for nano-finishing. 
The traditional finishing processes, such as honing, 
grinding. etc., produce finished surfaces, but 
these finishing processes produce some thermal 
and residual stresses on the workpiece surface. It, 
therefore, becomes a challenge to finish these types of 
components [1]. 

Due to advancement in new materials and 
complex shapes of workpiece geometry, some newly 
developed advanced finishing processes are employed 
to resolve such types of problems. One important 
parameter encountered is surface roughness, which 
plays a crucial role in high-quality products. These 
processes are helpful for polishing of any type of 
materials [2] and [3].

The magnetorheological finishing process, which 
has more flexibility for process control and a high 
level of finishing with close dimensional tolerances, 
can be achieved without leaving any defect on surfaces 
or subsurfaces. A finishing spot is formed at the tip of 

finishing tool in magnetorheological finishing, which 
acts as a semisolid finishing tool that moves over the 
workpiece surface during finishing of any kind of 
workpiece surface [4].

Magnetorheological (MR) fluid has more 
flexibility during the finishing operation; it changes 
from liquid to semisolid in a very short duration due 
the effect of the magnetic field. MR fluid is prepared 
with ferro-magnetic particles and various types of 
abrasive particles mixed with some base fluid, such 
as paraffin oil. In advancement of MR fluid for better 
finishing, bidisperse MR polishing fluid samples 
have been prepared with different percentages of 
carbonyl iron powder (CIPs) of standard CS and HS 
grade (BASF, Germany), and the response has been 
compared with monodisperse MR polishing fluid. The 
magnetorheological characterization of bidisperse and 
monodisperse MR polishing fluid samples have been 
studied at different magnetic fields with the use of a 
magnetorheometer [5].

In MR finishing, different process parameters, 
such as current, working gap, feed rate and central core 
rotation, have been analysed regarding the response 
surface roughness. The composition of MR polishing 
fluid has also been studied; it was observed that the 
CIPs concentration is the most influential parameter 
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on the response surface roughness in comparison to 
other process parameters for the finishing of hardened 
AISI 52100 steel [6].

Many finishing techniques based on magnetic 
fields have been developed. In these techniques, 
MR fluid behaves like a semisolid finishing spot 
in the presence of a magnetic field, which is 
used for finishing action on the workpiece These 
magnetic finishing techniques include magnetic 
abrasive finishing (MAF) [7], magnetorheological 
jet finishing (MRJF) [8], magnetic float polishing 
(MFP) [9], magnetorheological finishing (MRF) [4], 
rotational magnetorheological abrasive flow finishing 
(R-MRAFF) [10], and ball-end magnetorheological 
finishing (BEMRF) [11]. MAF is a process that has 
been used to finish flat surfaces, two dimensional (2D) 
surfaces, and any complex shape of workpiece with 
high dimensional accuracy. A better-quality product 
is achieved by the MAF process with a high level of 
surface finish without any defect on the surface or 
sub-surface [12].

In the MAF process, direct current (DC) power 
supply has been used to energize the electromagnet 
of finishing. Due to the higher demand for the 
improvement in surface roughness, the MAF process 
has been used with Pulse DC power supply instead of 
DC power supply without pulse. Experiments have 
been conducted with the use of DC power supply 
and pulsating DC power supply, which showed that 
there is better surface finish with DC power supply 
compared to DC power supply without pulse using 
the same process parameters. It is also observed 
during continuous DC power supply that the abrasive 
particles are not so effective for finishing the 
workpiece surface after a certain time because the 
cutting edge of abrasive particles loses its finishing 
capability in finishing zone. While using pulsating 
DC power supply, the orientation of abrasive particles 
may be changed or new effective grains of abrasive 
come in contact with the workpiece surface during 
finishing, which promotes better surface finish [13].

Many existing magnetic finishing processes 
have been discussed in the literature, which are 
not suitable for finishing three dimensional (3D) 
complexly shaped workpieces, such as narrows cut in 
workpiece. For the advancement of the MR finishing 
process with some modification, a BEMRF process 
has been developed for finishing of any kind of 
workpiece surface (flat, curved surface, 2D, 3D and 
stepped surfaces, etc.). The electromagnetic coil of a 
finishing tool is energized, and MR fluid is used at 
tip of the tool formed a semisolid ball. The semisolid 
ball-shaped MR fluid is responsible for the finishing 

action on the workpiece surface irrespective of any 
kind of workpiece materials. The BEMRF process 
can finish any kind of workpiece surface as achieved 
by finishing in computer navigated controlled (CNC) 
milling machine for three-dimensional surfaces [14]. 
This process has major applications in the optics 
industry, aerospace, and automotive component, 
among others.

In the present study, an attempt has been 
undertaken to energize the electromagnetic coil of the 
BEMRF tool with the help of pulse DC power supply 
for finishing of a flat EN-31 workpiece which may 
give improved surface roughness and may increase 
the efficiency of finishing action of BEMRF process.

1  METHODS

Various components of the BEMRF setup are shown 
in Fig. 1. The setup consists of an electromagnetic 
coil which is  energized as soon as the DC supply 
is switched ON, which results in the formation of a 
semisolid hemisphere or ball-shaped finishing spot at 
the extremity end of the tool as shown in Fig. 1b. 

a)

      

b)

c)

     

d)

e)

   

f)

Fig. 1. a) Pulse DC power supply, b) BEMRF tool with MR fluid on 
workpiece, c) chiller for cooling the electromagnetic coil,  

d) BEMRF setup, e) EN-31 finished workpiece, f) schematic of die 
with workpiece dimension in mm

This semisolid ball of MR fluid formed at the 
tip of tool approximately 15 mm diameter is used for 
finishing of EN-31 workpiece. A chiller (Fig. 1c) is 
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installed to control the constantly rising temperature 
of the electromagnetic coil due to the continuous 
supply of current.

1.1  Mechanism of Material Removal

In the BEMRF process, the DC power supply is used 
to energize the electromagnetic coil due to which a 
semisolid hemisphere or ball-shaped finishing spot of 
MR polishing fluid is established at the extremity end 
of the tooltip. The semisolid finishing spot is used for 
finishing of surfaces such as flat, curved surface, 2D, 
3D, and stepped surfaces irrespective of the movement 
of finishing tool. The semisolid ball-shaped finishing 
spot has more pliability to move over any kind of 
workpiece surface for finishing. In conventional MR 
finishing process, the abrasive particles in contact 
with the workpiece do not change their orientation in 
the entire finishing time due to fixed magnetic flux 
density. As a result, the cutting edges of the abrasive 
particles become dull, resulting in poor surface finish. 
In order to further enhance the finishing efficiency, 
the fresh active abrasive particles are required again 
and again to finish the workpiece surface, which is not 
possible with conventional MR finishing process. To 
overcome this limitation, an improvement has been 
made in the conventional MR finishing process by 
providing fluctuating DC power supply.

a) 

b) 
Fig. 2.  Mechanism of material removal in BEMRF process;  

a) ball is formed at finishing tool with pulse DC power supply (TON  
condition), b) ball is formed at finishing tool with pulse DC power 

supply (TOFF condition) 

Pulse DC power supply is given to the BEMRF 
finishing tool, which produces a fluctuating magnetic 

field on the tip of MR finishing tool. Therefore, 
fresh active abrasive grains may come outward or 
the orientation of abrasive particles may be changed 
and the finishing action of abrasive particles over the 
surface of workpiece in direct contact enhances the 
finishing efficiency of BEMRF process. During the 
process, the viscosity of MR polishing fluid reduces 
as soon as the DC power supply is switched off for 
very short duration, which results in changing the 
semisolid ball towards liquid a state. As soon as the 
power supply is ON, the orientation of the abrasive 
particles is changed due to the fluctuating magnetic 
field or some new active abrasive grains may move 
outward. as shown in Fig. 2a. As soon as the power 
supply is OFF, the orientation of the abrasive particles 
is changed due to the fluctuating magnetic field, as 
shown in Fig. 2b. The frequent ON and OFF of DC 
power supply results in orientation change of abrasive 
particles, hence fresh abrasive particles come in 
contact with the workpiece surface.

2  EXPERIMENTAL

The experimental setup has an electromagnetic coil, 
pulse DC power supply, thermocouple, and a chiller 
for cooling the electromagnetic coil is shown in Fig. 
1. A semisolid hemisphere ball of MR polishing fluid 
and pulsed BEMRF setup is given in Fig. 1b and 
d, respectively. MR polishing fluid changes from 
liquid to semisolid state and behaves like a semisolid 
hemispherical ball due to the magnetic flux density 
produced by the electromagnetic coil.

A homogenous mixture of MR polishing fluid 
was synthesized with silicon carbide abrasive particles 
of 800 mesh size (25 vol%) with density d 3.33 gm/
cm³, ferro magnetic iron particles (CIP CS grade, 20 
vol%) with density d 7.8 gm/cm³ and 55 vol% of base 
fluid. When a magnetic field is present at the tip of 
the tool, ferro-magnetic iron particles (CIPs) engaged 
to each other form a chain-like columnar structure 
in which abrasive particles are positioned between 
magnetic particles (CIPs). A semisolid MR polishing 
fluid ball is formed at the tip of tool, which moves 
over the workpiece surface and hence material is 
sheared off the workpiece surface in the form of very 
small chips. 

The workpiece position and its die are given in 
Fig. 1f. The total height of the workpiece is 10 mm, 
the depth of the slot is 8 mm and, during the finishing 
operation, the workpiece is kept slightly above 2 
mm from slot depth. The preparatory experiments 
were conducted to attain the intended purpose of the 
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finishing process and to develop the ranges of the duty 
cycle parameters.

Duty cycle r  is given as:

 ꭈ = TON / (TON + TOFF). (1)

Here TON and TOFF denotes on-time & off-time of 
pulse DC power supply respectively. The preliminary 
experiments have been carried out on an EN-31 flat 
workpiece surface with and without pulse DC power 
supply given to electromagnetic coil. The approximate 
values for parameters are selected on the basis of the 
literature review done in this work [15] to [17]. These 
values contributed to the notable results observed 
in the studies highlighted by the above references. 
These experiments have been conducted using process 
parameters made up of; working gap 1.5 mm, tool 
rotational speed 500 rpm, current 2.5 A, and finishing 
time of 30 min. These parameters were employed with 
DC power supply at different duty cycles with and 
without pulses. The response parameter percentage 
reduction in surface roughness (%∆Ra) was calculated 
using;

 %�Ra  
initial roughness - final roughness

initial roughness
� ��100 %.  

A Talyor Hobson surface analyser was used with 
cut-off length 0.8 mm and data length of 4 mm to 
measure surface roughness.

3  RESULT AND DISCUSSION

The roughness profile of EN-31 workpiece surface 
with DC power supply without pulse is shown in Fig. 
3. The percentage reduction in surface roughness was 
calculated and given in Table 1 and 2. 

The roughness profile of the finished EN-
31 workpiece surface was drawn after conducting 
experiments with pulse DC power supply at 0.16 
duty cycles, as shown in Fig. 4b and %∆Ra has been 
calculated, which is given in Table 1. It is observed 
that the %∆Ra has been found better by conducting 
the experiments with pulse DC power supply at 0.16 
duty cycle as compared to %∆Ra obtained by DC 
power supply without pulse.

The surface roughness profile of finished EN-31 
workpiece surface has been drawn after conducting 
experiments with pulse DC power supply at 0.27 duty 
cycle is shown in Fig. 5b. 

The percentage reduction in surface roughness 
was calculated for preliminary experiments at various 
duty cycles and given in Table 1. A total of eighteen 
experiments were performed with three repletion for 
each sample (total number of samples = 6). It has been 
observed from the experimental study that the best 
%∆Ra was found at 0.16 duty cycle.

It is observed from Fig. 6 that the highest %∆Ra 
is found to be 37.09 % at 0.16 duty cycle and is lowest 

a)     b) 
Fig. 3.  a) Surface roughness profile of EN-31 before finishing, (Ra = 0.187 µm, Rq = 0.244 µm, Rz = 1.56 µm); 

b) surface roughness profile after finishing using DC power supply without pulse (Ra = 0.161 µm, Rq = 0.203 µm, Rz = 1.13 µm)

Table 1.  Preliminary experimentation details with pulse supply

Exp. no. Duty cycle on-time [ms] off-time [ms] Pulse time Initial Ra [µm] Final Ra [µm] %∆Ra
1 0.45 4 5 9 0.197 0.172 12.69
2 0.36 4 7 11 0.194 0.161 17.01
3 0.16 4 21 25 0.186 0.117 37.09
4 0.27 4 11 15 0.197 0.149 24.36
5 0.61 4 3 7 0.197 0.185 6.09
6 0.67 4 2 6 0.185 0.176 4.86

Table 2.  Preliminary Experimentation without pulse supply

Exp no. MC [A] RST [rpm] WG [mm] Time [min] Initial Ra [µm] Final Ra [µm] %∆Ra
1 2.5 500 1.5 30 0.187 0.161 13.44
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the fresh active abrasive grains change their orientation 
and come in contact with workpiece surface directly 
during finishing action, which enhances the finishing 
efficiency of BEMRF process. During the process, the 
viscosity of MR fluid reduces as soon as the DC power 
supply is switched off for a very short duration. As 
soon as the power supply is ON, the orientation of the 
abrasive particles get changed due to the fluctuating 
magnetic field, or some new active abrasive grains 
may come outward. The frequent ON and OFF of DC 
power supply results in orientation change of abrasive 
particles; thus, fresh abrasive grains may come in 
contact with the workpiece surface.

The optical microscopic views of finished EN-31 
workpiece surface with and without pulse DC power 
supply are shown in Fig. 7. The best texture of surface 
finished using the pulse DC power supply was found 
at duty cycle 0.16, as shown in Fig. 7c, as compared 

a)   b) 
Fig. 4. a) Roughness profile before finishing of EN-31 workpiece surface (Ra = 0.187 µm, Rq = 0.235 µm, Rz = 1.42 µm);  

b) Surface roughness profile after finishing with pulse DC power supply at 0.16 duty cycle (Ra = 0.117 µm, Rq = 0.151 µm, Rz = 0.95 µm);

a)    b) 
Fig. 5.  a) Roughness profile before finishing of EN-31 workpiece surface (Ra = 0.197 µm, Rq = 0.255 µm, Rz = 1.4 µm);  

b) surface roughness profile after finishing with pulse DC power supply at 0.27 duty cycle (Ra = 0.149 µm, Rq = 0.198 µm, Rz = 1.16 µm)

Fig. 6.  Relationship between percentage reductions  
in surface roughness with the duty cycle

a)         b)         c) 
Fig. 7.  Optical microscopic views of finished surface; a) with DC power supply without pulse,  

b) with pulse DC power supply at 0.27 duty cycle, c) with pulse DC power supply at 0.16 duty cycle

at 0.67 duty cycle. The %∆Ra is found to be 13.44 % 
on conducting the experiments with DC power supply 
without pulse. It is due to the adopted technique that 
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to the surface finished with DC power supply without 
pulse, as shown in Fig. 7a. From optical microscopic 
views of the finished surface, it was found that the 
surface texture is observed improved as the duty cycle 
decrease from 0.27 to 0.16.

Scanning electron micrograph (SEM) of the EN-
31 workpiece surface is shown at 100 µm resolution 
and 600× magnification as outlined in Fig. 8. The 
lays are clearly visible in the initial grinded surface, 
as shown in Fig. 8a. It is observed from Fig. 8c that a 
more uniform finished surface is obtained with pulse 
DC power supply at 0.16 duty cycle as compared to 
the finished surface obtained with DC power supply 
without pulse, as shown in Fig. 8d. From Fig. 8b and 
c, it is shown that as the duty cycle decreases from 
0.27 to 0.16, and a better surface texture is achieved at 
0.16 duty cycle.

4  DESIGN OF EXPERIMENT

The present work utilizes central composite design 
(CCD) under response surface methodology to design 
the experiments based on the preliminary study. In this 
regression analysis, three parameters are used (WG, 
MC and RST) to determine the significance of these 
parameters on output responses %∆Ra. The most 
appropriate value of duty cycle was found to be 0.16, 
for which the highest %∆Ra observed. Therefore, the 
0.16 duty cycle was taken for all experiments. The run 
order and results of output responses for the finishing 
of EN-31 using BEMRF process are shown in Table 3.

5  RESULTS

5.1  Analysis of Surface Roughness

Insignificant terms having p-value greater than 0.05 
are eliminated by using backward elimination, and 
the pooled ANOVA results for surface roughness are 

presented in Table 4. Table 3 shows the %∆Ra for the 
EN-31 workpiece before and after finishing through 
the BEMRF process.

Table 3.  Design and result of output response in surface roughness 
(%∆Ra)

Std 
order

Run 
order

MC 
[A]

RST 
[rpm]

WG 
[mm]

%∆Ra

16 1 2.5 700 1.5 34.49
12 2 3 400 1 39.17
4 3 2.5 300 1.5 28.25
1 4 3.5 500 1.5 40.69

10 5 2 400 1 26.6
14 6 3 600 2 31.12
15 7 3 400 2 29.12
13 8 2.5 500 1.5 33.48
17 9 2 400 2 24.38
20 10 2.5 500 2.5 23.22
6 11 1.5 500 1.5 20.68
7 12 2 600 2 26.99

11 13 2.5 500 1.5 32.06
5 14 2 600 1 27.9
9 15 2.5 500 0.5 37.03
2 16 2.5 500 1.5 32.48
3 17 3 600 1 40.37

19 18 2.5 500 1.5 32.48
18 19 2.5 500 1.5 32.1
8 20 2.5 500 1.5 32.23

In the tool Design-Expert, the quadratic model is 
selected on the basis of the lack of fit tests, since the 
cubic model is aliased. Table 4 shows the significant 
terms after analysis of variance (ANOVA). The 
p-value less than 0.05 shows that the model parameters 
are significant. In this reduced model of ANOVA, the 
following terms A, B, C, AC, A2 and C2 are found to 
be significant as shown in Table 4. f-value is 108.61, 
which indicates that the model is significant. There is 
only 0.01 % possibility of this to occur due to noise.

a)  b)  c)  d) 

Fig. 8.  SEM images of workpiece surface: a) before finish (lays are present on the initial grinded surface), b) finished workpiece surface 
(Improved surface texture) at 0.27 duty cycle, c) finished workpiece surface (better improved surface texture) at 0.16 duty cycle,  

d) finished workpiece surface (less improved surface) with DC power supply without pulse



Strojniški vestnik - Journal of Mechanical Engineering 66(2020)7-8, 449-457

455A Study for the Nanofinishing of an EN-31 Workpiece with Pulse DC Power Supply Using Ball-End Magnetorheological Finishing

Table 4.  ANOVA for %∆Ra

Source
Sum of 
Squares

DOF MSE f-value p-value

Model 565.92 6 94.32 108.61 <0.0001 sign
A - MC 341.6 1 341.6 393.36 <0.0001

B - RST 23.99 1 23.99 27.62 0.0002

C - WG 156.56 1 156.5 180.28 <0.0001
AC 32.68 1 32.68 37.64 0.0376
A2 4.65 1 4.65 5.36 0.0087
C2 8.27 1 8.27 9.53
Residual 11.29 13 0.868
Lack of fit 9.91 8 1.24 4.48 0.0577 not sig
Pure error 1.38 5 0.2766
Cor Total 577.21 19

The equation for %∆Ra in term of actual factor as 
is given below:

%∆Ra = ‒ 33.6820 + 29.77 × A + 0.0122 × B
     + 20.679 × C ‒ 8.08 × A × C ‒ 1.68 × A2 ‒ 2.24 × C2

6  DISCUSSION

The results obtained after finishing of EN-31 using 
BEMRF process and the effect of parameters on 
%∆Ra are discussed in this section.

6.1  Effect of Rotational Speed of Tool (RST)

Fig. 9 outlines the effect of RST on %∆Ra at various 
WG and at constant MC 2.5 A & 0.16 duty cycle. The 
%∆Ra slightly increasing with the increase in RST at 
all WG. The effect of RST reveals that it is the least 
contributing parameter on %∆Ra with a 4.17 % (from 
model analysis).

6.2  Effect of Magnetizing Current (MC)

Fig. 10 describes the effect of MC on %∆Ra at various 
RST and at a constant 0.16 duty cycle & working gap 
1.5 mm. The %∆Ra increased with the increasing in 
MC at all RST. The MC is the highest contributing 
parameter on %∆Ra with 59.18 % (from model 
analysis). It is also seen from the perturbation or 3D 
surface diagram, as shown in Fig. 12a and b. As the 
magnetic flux increases, the magnetic force acting 
on SiC abrasive particle increases due to which high 
%∆Ra is achieved at 0.16 duty cycle. 

6.3 Effect of Working Gap (WG)

Fig. 11. explains the effect of WG on %∆Ra at various 
MC and at constant 0.16 duty cycle & RST 500 rpm. 

The %∆Ra decreases with the increase in WG at all 
MC. The effect of WG reveals that it is second most 
contributing parameter on %∆Ra with 27.12 % (from 
model analysis). It is also seen from the perturbation 
or 3D surface diagram, as shown in Fig. 12a and c. 

Fig. 9.  Effect of RST on %∆Ra at 2.5 A

Fig. 10.  Effect	of	MC	on	%∆Ra	at	WG	1.5	mm

Fig. 11.  Effect	of	WG	on	%∆Ra	at	500	rpm
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a) 

b) 

c) 
Fig. 12.  a)	Perturbation	diagram	for	%∆Ra	(A	-	current,	B	-	working	

gap,	C-	current),	b)	and	c)	3D	surface	for	%∆Ra	

7  CONCLUSIONS

The following conclusions are drawn on the study 
with ball-end magnetorheological finishing process 
with and without pulse DC power supply.

1. It is noted that the best percentage reduction in 
surface roughness (%∆Ra) was achieved with 
pulse DC power supply than without pulse DC 
power supply. 

2. The %∆Ra is found as 37.09 % at 0.16 duty cycle 
and 24.36 % at 0.27 duty cycle while 13.44 % 
with DC power supply without pulse.

3. It was also observed that the surface texture 
achieved by pulse DC power supply is more 
monotonous as compared to without pulse DC 
power supply.

4. The effect of different rotational speeds of the 
tool, RST is found to be the least contributing 
parameter on %∆Ra with a reduction of 4.17 % at 
0.16 duty cycle.

5. The %∆Ra increased with the increase in 
magnetizing current, MC at all RST. It is the 
highest contributing parameter on %∆Ra with a 
reduction of 59.18 % at 0.16 duty cycle.

6. The %∆Ra decreases with the increasing in WG at 
all MC. It is second most contributing parameter 
on %∆Ra with a reduction of 27.12 %.
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9  NOMENCLATURES  

d  density, [g/cm³]
MC  magnetizing current, [A]
WG  working gap, [mm]
Ra  surface roughness, [µm]
RST  rotational speed of tool, [rpm]
%∆Ra response parameter percentage reduction 
  in surface roughness, [%]
r  duty cycle, [-]
TON  on-time of pulse DC power [ms]
TOFF off-time of pulse DC power [ms]
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