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a b s t r a c t

To understand the fundamental parameters of Alvand tokamak, A Rogowski coil with an active integrator
was designed and constructed. Considering the characteristics of the Alvand tokamak, the structural and
electrical parameters affecting the sensor function, were designed. Calibration was performed directly in
the presence of plasma. The sensor has a high resistance against interference of external magnetic fields.
Plasma current was measured in various experiments. Based on the plasma current profile and loop
voltage signal, the time evolution of plasma discharge was investigated and plasma behavior was
analyzed. Alvand tokamak discharge was divided into several regions that represents different physical
phenomena in the plasma. During the plasma discharge time, plasma had significant changes and its
characteristic was not uniform. To understand the plasma behavior in each of the phases, the Rogowski
sensor should have sufficient time resolution. The Rogowski sensor with a frequency up to 15 kHz was
appropriate for this purpose.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In many experimental plasma studies, the main parameter of
the experiment is the plasma current; therefore, the use of reliable
method for calculating this quantity during the tests is essential for
understanding plasma behavior. Among the methods used to
plasma diagnostics, magnetic measurements play an important
role in analyzing the parameters that affect the equilibrium and
stability of the confined plasma. Magnetic measurement are
referred to measurements made by sensing directly the magnetic
fields in the outside and inside the plasma column that is carried
out using magnetic sensors [1,2]. The profile of plasma current is a
considerable parameter in determining the plasma stability con-
ditions; also, considering its dependency to the position and size of
the plasma column, provides useful information about discharge
process and plasma dynamics. Consequently, current measurement
outside the vacuum chamber is important for controlling different
aspects of tokamak operation [3e5].

Rogowski sensor is a common and valid method for measuring
by Elsevier Korea LLC. This is an
and determining the time variation of plasma current profile. This
sensor is a flux to voltage transducer and a special type of mutual
inductor, which is useful for the measurement of high, altering and
transient current [6]. It operates on the principle of Ampere and
Faraday's laws of electromagnetic induction. Since Rogowski coil do
not have ferromagnetic material in the mandrel, is able to measure
a wide range of current, without magnetic saturation, with linear
response and broad bandwidth [7]. In this paper, the design,
fabrication, and calibration of a Rogowski sensor for plasma current
sensing in the Alvand tokamak, are examined. Which these sensing
results are essential and useful for the operation confidence of the
tokamak. Alvand tokamak is one of the small size tokamaks with
circular plasma cross-section. This tokamak is used to measure
plasma parameters and its physical properties. The technical
specifications of this tokamak are given in Table 1.
2. Design of Rogowski sensor and investigation of factors
affecting its performance

Rogowski sensor is an induction coil containing a number of
wire turns which is in a toroidal form and can measure the time
distribution of the total plasma current. Also, the positioning of the
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Table 1
Technical specification of Alvand tokamak.

Parameters Value

Major Radius 45.5 cm
Minor Radius 12.6 cm
Vacuum Chamber Volume 142.5 lit
Plasma Density 22.5 � 1018 m�3

Number Of Toroidal Field's Coils 24
Toroidal Magnetic Field 0.9 T
Electron Temperature 80e100 eV
Ion Temperature 8e10 eV
Maximum Discharge Time 9 ms
Maximum Toroidal Current 50 kA
Plasma Current (Test Condition) 35e50 kA

Fig. 1. Lumped-element model of Rogowski coil.
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return loop is important, both terminals should be at the same end
of the coils, to prevent the formation of complete polar ring that is
affected by toroidal magnetic field. In order to evaluate the effect of
different termination resistances on coil frequency response, a
model of the coil was created based on measurements and
analytical expressions.

Equivalent circuit of the coil is shown in Fig. 1 Self-inductance of
the coil is modeled as inductor Lc, interwinding, shield and cable
parasitic capacitances as Cc and winding resistance as Rc. Termi-
nation resistance R is added to create desired resonance attenua-
tion characteristics for the coil. Additionally, the derivative nature
of the coil output is modeled as a mutual inductance M between
primary (measured plasma current, ip) and secondary (loop current
of Rogowski coil, ic) windings in a measurement setup, the mutual
inductance M must have a constant value for any position of the
primary conductor inside the coil loop. This can be achieved if the
windings are: on a core that has a constant cross-section A and built
with constant turn density n. The electromotive force induced by
plasma current is:

Vcoil ¼ � nm0A
dI
dt

¼ HM
dI
dt

(1)

2.1. Characteristic time of the magnetic coil

Characteristic time of the sensor, one of the important factors in
Rogowski coil designing is t ¼ Lc=ðRc þRÞ. It indicates the smallest
detectable time interval in which the plasma is changed. This time
should be as small as possible to resolve the changes in the plasma
current signal [8]. Likewise, the t parameter determines the oper-
ational modes of Rogowski sensor based on the plasma current
bandwidth; neglecting the capacitance, the voltage equation is:

Lc
dic
dt

þðRþRcÞic ¼M
dip
dt

(2)

For Lcdic=dt[ðRþRcÞic, ignoring the voltage drop of the resis-
tance, equation (2) becomes ipzicLc=M ¼ nic. The Rogowski coil
operates in current mode called self-integratingwhich is suitable to
Table 2
Structural Parameters of Rogowski coil for Alvand tokamak.

Measured current Ip

Wire turns 3366
Core material Teflon
Internal radius a(cm) 12.6
External radius b(cm) 13.74
Internal former radius ðb�aÞ=2 without wire diameter (cm) 0.55
measure short duration pulsed current [6,7,9]. Supposing
Lcdic=dt≪ðRþRcÞic, the voltage drop of the inductance can be
neglected. Equation (2) is reduced to equation (3)

ipz½ðRþRcÞ =M�
ð
icdt (3)

The plasma current is reconstructed when there is an integrator
at the end of Rogowski coil. The coil operates in differential mode
called external-integrating which is suitable to measure a long-
duration pulsed current. Based on the duration of the measured
pulsed current in Alvand tokamak, the sensor was designed to
operate in differential mode with the external-integrating circuit.
This ensure that, the characteristic time of the sensor is less than
the pulse duration of the plasma current and is able to indicate the
changes in the plasma.
2.2. Frequency response

The most fundamental factor in Rogowski sensor operation is
the frequency response. It must be adapted to the operating fre-
quency of Alvand tokamak (50 Hz) in order to measure the plasma
current with high precision. Using Laplace transformation of
equation (1) in order to obtain the transfer function of Rogowski
coil without an integrator (the relation between the measured
plasma current and the voltage across the terminating resistance)
equation (4) is obtained.

GðsÞ ¼ Ms
.h

LcCcs2 þ ðLc=Rþ RcCcÞsþ ðRc=Rþ 1Þ
i

¼ Ms=½LcCcðs� s1Þðs� s2Þ�
(4)

where s1;2 ¼ �u1±
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2
1 � u2

2

q
are the two poles, natural frequencies

of the system. u1 and u2 are defined as equation (5) and equation
(6).

u1 ¼ Lc þ ðRcCcR =2LcCcRÞ (5)

u2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRc þ RÞ=LcCcR

p
(6)

The amplitudeefrequency characteristic can be expressed as
equations (7) and (8):
Main radius x0 (cm) 13.17

Wire diameter dðmmÞ=AWG 0.202 32
Self-inductance Lc (mH) 1.702
Distributed capacitance Cc (nF) 368.2
Ohmic resistance RcðUÞ 72.42
Terminal resistance RðUÞ 50
Calibration Coefficient kA/V 0.2
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jGðjuÞj ¼ MRu=ðRþ RcÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffih
1� ðu=u2Þ2

i2 þ 4ðu1=u2Þ2ðu=u2Þ2
r (7)

;GðjuÞ¼ tan�1
h
1�ðu=u2Þ2

.
ð2ðu1 =u2Þðu =u2ÞÞ

i
(8)

In order to analyze the frequency response of the constructed
Rogowski coil, after calculating the parameters of Rogowski coil
without the integrator according to Table (2), the Bode diagram
which is obtained by MATLAB is shown in Fig. 2, where uH and uL
are the high cutoff frequency (HCF) and the low cutoff frequency
(LCF), respectively. By decreasing the capacitance, HCF is increased
significantly. Therefore, capacitance must be minimized by
adjusting the construction parameters of Rogowski coil, which lead
to improvement of the coil frequency response. Changing the
termination resistance will change the damping ratio, equation (9),
so the frequency characteristics can be changed. If this resistance is
small, the poles of the transfer function is real and the system does
not oscillate, then the frequency response will be flat. In this case,
the two poles will be more separated, which means that the actual
working bandwidth is broadened [10].

x¼ 1
2

ffiffiffiffiffiffiffiffiffi
LcCc

p
�
Lc
R
þRcCc

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R=ðRþ Rc

p �
(9)

2.3. Bandwidth and quality factor

Other factors to be considered in the design of the Rogowski
sensor are the bandwidth (BW) and the quality factor (Q),
expressed as equations (10) and (11):

BW ¼Du ¼ uH � uL (10)

Q ¼u2=2u1 (11)

The Rogowski sensor design should be done in such a way that
its bandwidth includes the operating frequency of Alvand tokamak.
If the LCF is transmitted to the left, in the other word, the reduction
of the LCF leads to more exact measurements of current at fre-
quencies as low as the operating frequency of Alvand tokamak. In
Fig. 2. Bode diagram of Rogowski coil without integrator based on construction
parameters.
this case, the sensor is capable to obtain the actual waveform of
plasma current in a wider range of frequencies.

2.4. Sensitivity

It should be ensured that the Rogowski coil has an acceptable
sensitivity. The sensitivity of the Rogowski coil is calculated ac-
cording to the Rc=N ratio [11]. Designs used for high pules current
usually have sensitivities in the range of 0.001e0.01 V=A. For small
current, a sensitivity of 1V=A is more appropriate [10]. To increase
sensitivity one should increase Rc, which increases the thermal
noise; or decrease N, which would increase the low cutoff fre-
quency. The thermal noise voltage is calculated as equation (12):

Vth ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4k� BW � TR

p
(12)

where k is Boltzman's constant, T absolute temperature. The
sensitivity of the constructed sensor is 0.2mV=A. So it is easily
distinguished from the noises of other parts of the system.

3. Construction of Rogowski coil

Fig. 3 Shows the schematic of the Rogowski sensor in the cir-
cular cross-section, which N;x0; a and b are the structural param-
eters of Rogowski coil. Based on the discussions in section 2 and
considering the limited space available in Alvand tokamak, the
optimal values of the structural parameters of the sensor, shown in
table (2), were calculated. The sensor with the parameters of Table
2 was constructed. This sensor contains 3366 wire turns which is
wrapped on a Teflon non-magnetic core. The Teflon permeability is
close to the air which this non-magnetic nature leads to linear
behavior of the sensor. As a result of this behavior, there is no effect
on the inductance and saturation. But one of the problems with the
air-core coils is their low sensitivity [11,12]. This problem can be
minimized by using a ferromagnetic core which concentrates the
flux inside the coil, leads to a significant improvement of the sensor
sensitivity. However, this enhancement is achieved with the sac-
rifice of one of the most important advantages of the air-core
sensor, the linearity. The core, even if made of the best ferromag-
netic material, introduces some nonlinear factors to the transfer
function of the sensor which cause a dependency on temperature,
frequency, flux density, etc. Additional magnetic noise, also de-
creases the resolution of the sensor. Moreover, the ferromagnetic
core changes the profile of the magnetic field, which can have
important consequences [13]. In order to achieve the desired
sensitivity in the air-core sensor, it should be considered that the
number of turns strongly affects the sensitivity and bandwidth [14].
The Rogowski sensor produces an output voltage signal Vout
Fig. 3. Circular cross-section Rogowski coil.
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equivalent to equation (13). Due to the factor N, the sensor output
voltage has a high gain; therefore, the output signal will be easily
distinguished from the noises of other parts of the system.

Vout ¼mA
N
l

dI
dt

(13)

Likewise, the core is flexible former which determines the in-
ternal and external radius of the coil. The sensor is stuck on the
vacuum chamber so its internal radius was equal to the external
radius of the chamber, output voltage of sensor increased due to its
proximity to the current-carrying plasma and stronger magnetic
field. The optimal external radius is determined by considering the
spatial constraint of tokamak, which its increasing leads to a
decrease in the sensor frequency response. Using a copper wire of
0.202mm (32AWG) diameter which compactly, highly uniform and
no-gaps wound around the former. It is important to ensure the
uniformity of the winding. Perfectly uniform winding ensures that
the output signal does not depend on the path of the coil around
the current-carrying plasma. Therefore, the output signal and also
the sensitivity, can be increased by increasing the cross-section of
the turn. But for correct operation (according to Ampere's law) it is
required to ensure the homogeneity of the flux in each turn. For this
reason, the coil is wound on a thin strip with a small cross-sectional
area. Also, select a suitable wire diameter and minimize the
distributed capacitance under the promise of appropriately
selecting the coil structure parameters, so as to improve the high-
frequency characteristics of the Rogowski sensor. In order to, the
sensor covers the whole vacuum chamber, a former was selected
13.17 cm. The positioning of the return loop is important. The
winding was returned in the opposite direction to that of the pitch-
advancement turn along the central axis of the coil, in order to
avoid the effect of a magnetic flux parallel to the plasma [13]. In this
case, both terminals are set at the same end of the coil. Therefore,
interference of the unwanted magnetic fields is prevented.

3.1. 3-1. Design and construction of active integrator

Since the output voltage signal of Rogowski sensor is propor-
tional to the derivative of the measured plasma current, in order to
recover the original signal, the output voltage must be integrated.
Fig. 4. The constructed active inte
The DC-control active-type integrator was constructed. As shown in
Fig. 4 the time constant of this integrator was selected ten times
more than the time duration of the signal. By connecting the output
of Rogowski coil to the inverting input terminal of operational
amplifiers, the input and output differ in phase and the role of this
integrator is shown in equation (14):

GðsÞ¼ � Rftot
.
Rin

�
1þRftotCcs

�
(14)

Operational amplifier OP07CP has ultralow drift and high ac-
curacy to form in-phase amplifier circuit. The negative feedback
resistance, Rftot , is equivalent to the resistance of R1, R2 and R3. This
resistor, parallel to the Cf capacitor, provides a path to discharging
the capacitor while the circuit is not operating and prevents its
saturation. It is effective to suppress the drift, unwanted very low-
frequency interference signals and stabilize the working point.
Also, negative feedback resistance of mega-ohm level is an effective
way to broaden the bandwidth, maintain the stability of the circuit
and reduce the LCF. The sensitivity is not declined in the meantime.
As a result, this integrator can accurately measure the plasma
current in Alvand tokamak operating frequency. The transfer
function of the active integrator can be given by equation (15).

GðsÞ¼ �½ðR1 þ R2Þ þ ðR1R3 þ R2R3 þ R1R2Þ�
Rinð1þ ½ðR1 þ R2Þ þ ðR1R3 þ R2R3 þ R1R2Þ�Cf s

� (15)

The reconstructed signal of the measured plasma current is
amplified after the integration. The gain of this integrator is 10.
Roffset is defined is Rin=R1 can eliminate the bias currents of oper-
ational amplifiers and the output offset voltage. Cb1 and Cb2 ca-
pacitors were added to remove noise on the input bias voltage.
3.2. 3-2. The frequency analysis of the Rogowski sensor with active
integrator

Since Alvand tokamak plasma has a low frequency, it is neces-
sary to reduce the LCF as much as possible. For this purpose, the
frequency characteristic of the Rogowski sensor with active inte-
grator should be analyzed. Generally, the transfer function of the
measured signal for a Rogowski coil with an active integrator can be
grator with DC gain control.



Fig. 6. The constructed Rogowski sensor installed on the vacuum vessel of Alvand
tokamak.
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approximately given by equation (16):

GðsÞ¼ RMs=Rþ Rc�
LcCcR
RþRc

s2 þ ðLcþRcCcRÞ
RþRc

sþ 1
�$ Rftot

Rin
�
1þ RftotCcs

� (16)

Equation (17) gives the amplitude frequency characteristic of
signal of the Rogowski coil with active integrator:

jGðjuÞj¼ ½MRu=RþRc�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffih
1�ðu=u2Þ2

i2þ4ðu1=u2Þ2ðu=u2Þ2
r $

Rf
.
Rinffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
�
uRf Cf

�2r

(17)

With the optimal structural parameters, there is u1 ¼ u2= 1:414
when u is close to LCF, there are 1=ðRf Cf Þ<u≪u2 and u= u2 ¼ 0.
Equation (17) is simplified as shown in equation (18)

jGðjuÞj ¼ MR
ðRþ RcÞRinC

�
1�1

2

�
1
.
uRf Cf

�2�
(18)

The relative error of the output voltage is calculated by d ¼
0:5ðuRf Cf Þ2. Assuming that the relative error is less than 1%, the
actual LCF is uL ¼ 7:07=Rf Cf . When u is closed to HCF, there are
uRf Cf[1 and 1=ðRf Cf Þ≪u<u2. Equation (17) can be deduced as
given by equation (19):

jGðjuÞj ¼ MR
ðRþ RcÞRinC

�
1�1

2
$ ðu=u2Þ4

�
(19)

The relative error output voltage is calculated by d ¼ 1= 2$

ðu=u2Þ4. Assuming that the relative error is less than 1%, the actual
HCF is uH ¼ 0:38

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðRþ RcÞ=LcCcR
p

. The bandwidth of the measured
signal based on Rogowski coil with an active integrator is shown in
equation (20) [15].

BW ¼Du¼0:38
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRþ RcÞ=LcCcR

p
� 7:07

.
Rf Cf (20)

Fig. 5 shows the Bode diagram of the Rogowski coil with an
active integrator. It is noticeable that the LCF is transmitted to 0 Hz,
the sensor frequency response is improved and includes the oper-
ating frequency of Alvand tokamak. It should be noted that the
reason for selecting an active integrator in comparison with other
Fig. 5. Bode diagram of the Rogowski sensor with an active integrator.
integrators (including the RC integrator) is the lower cutoff fre-
quency and broader bandwidth. If the LCF is not sufficiently low, the
sensor signal output at low frequencies will be distorted. The LCF of
constructed Rogowski sensor is 0.707 Hz and its HCF is 15 kHz.
Therefore, the operating frequency range of this sensor or its
bandwidth is 0.707 Hze15 KHz. The wide pass band of this sensor
makes it possible to measure the plasma current without attenu-
ation of most of the frequency components.

3.3. 3-3. Installation of the Rogowski sensor on alvand tokamak and
data transfer to control room

Fig. 6 shows the constructed Rogowski sensor installed on the
vacuum vessel of Alvand tokamak. The measured signals were
carried to the control room via RG 58/U coaxial cable where they
were integrated by active integrator before being connected to the
data acquisition system. The influence of electric and magnetic
fields can be reduced if the coaxial cable is placed inside a copper
grounded conduit. The conduit was connected to the Al housing
and grounded at the entrance of electronic system. Electric field
lines terminate on the grounded conduit, not on the cable braid.

4. Calibration of Rogowski sensor

In order to analyze the output signal of the Rogowski sensor and
unify it with the actual values of the plasma current, the calibration
coefficient of constructed sensor must be calculated. The plasma
current of Alvand tokamak is in order of kilo-ampere. Therefore, the
calibration must be carried out at the same order of current, and
frequency. Considering the maximum current is limited in different
calibration methods, the constructed Rogowski sensor is calibrated
in the real condition of the test and in the presence of plasma. For
this purpose, the sensor was calibrated by a commercial calibrated
Rogowski sensor which was already installed on Alvand tokamak,
in the specified operating conditions (calibration conditions: pulse
peak current 3000A, frequency 60 Hz, discharge capacitor 100 mF,
capacitor charging voltage 5000 V). Its output was then used for
calibration of the fabricated Rogowski coils.

5. Experimental results

The purpose of this research is the plasma diagnosis, by
analyzing its current profile. Since the selection of optimal pa-
rameters indirectly affects the accuracy and reliability of the
measured current signal, it is necessary to examine the dynamic
properties of the measured signal. Therefore, at constant structural
parameters, the frequency response diagram under different values



Fig. 7. Bode diagrams for the Rogowski coil with an active integrator under
different.Rin

Fig. 9. Bode diagrams for the Rogowski coil with an active integrator under
different.Rf
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of the integrator parameters was investigated and it was confirmed
that the design is optimum (see Figs. 7, 8 and 9).

Changing the Rin and Rftot parameters does not have consider-
able effect on the bandwidth but it should be noted that with the
excessive increase of the Rftot resistance, the amplifier works under
very negative feedback conditions, so it may not have the required
stability. Increasing Cf places the LCF in lower frequencies. In Fig. 10
the constructed sensor has the optimal frequency response, which
indicates that the sensor gives the actual output signal linearly
without attenuation, in a wider range of frequency.

After the installation of the Rogowski sensor and the prepara-
tion of Alvand tokamak and gas injection, the tokamak is prepared
for testing. The accuracy of the sensor was determined in certain
operating conditions and in the presence of plasma. Fig. 10 Shows
the experimental data of a typical shot in Alvand tokamak, which
illustrates the time evolution of the main plasma parameters in the
hydrogen discharge (from above to the bottom) indicating the
toroidal magnetic field, the vertical magnetic field, the plasma
current and the loop voltage. In the selected shot, the voltage used
Fig. 8. Bode diagrams for the Rogowski coil with an active integrator under
different.Cf
to create the toroidal field was 1950 V, the fast and slow vertical
field was 1150 and 1800 V respectively, and the fast and slow ohmic
heating was 3800 and 2200 V, respectively. The vacuum of the
system is 4 � 10�5 torr and its preionization voltage was 2500 V.
The result of this plasma discharge with a duration of 8ms is shown
in Fig. 10 [16].

Sensor performance was evaluated in more than fifty different
discharges. Fig. 11 shows the measured plasma current in three
successive shots that are randomly selected. A slight difference in
these two signals is due to the offset change of two Rogowski sen-
sors; the offset of the reference sensor is decreased while the offset
of the constructed sensor is increased during plasma discharge.

As a result of these experiments, the plasma current of Alvand
tokamak was measured about 40� 50 kA(depending on the plasma
condition).

The discharge process of tokamak was divided into three main
Fig. 10. Experimental data of a typical time evolution of discharge in the Alvand
tokamak.



Fig. 11. The plasma current signal of Alvand tokamak. Measured signal by constructed
Rogowski sensor (red) and the reference Rogowski sensor (blue). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version
of this article.)

Fig. 12. The evolution of region of an Alvand discharge based on plasma current.
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phases, each of which represents different physical phenomena in
the plasma. According to Fig.12, which indicates the plasma current
and the loop voltage signal, the three main phases of the total
plasma discharge time can be observed. The ohmic heating current,
IOH , induces a voltage inside the tokamak, which causes the
hydrogen gas filling the vacuum vessel to break-down. The result-
ing plasma then carries the induced plasma current, Ip. The first
stage of the discharge is the plasma formation stage, which takes
about the first 2 ms of plasma confinement time of the tokamak.
The sudden drop in the loop voltage, which corresponds to the drop
in the plasma resistance as the hydrogen becomes fully ionized,
characterizes this region.

Following the plasma formation, the plasma current increases
until the peak current is reached; this is referred to as the current
ramp-up stage of the discharge. The plasma formation stage and
the current ramp-up stage are collectively referred to in this article
as the transient region of the discharge. The transient region of a
typical Alvand discharge lasts typically about 4 ms. After the tran-
sient region is the steady state region of the discharge. Character-
istics of the steady state region are a relatively constant plasma
current and a nearly constant, low loop voltage. The final region of
the discharge is the termination region. The steady state region or
the flat top phase of a typical Alvand discharge lasts about 4 ms of
plasma confinement time. The final region of the discharge is the
termination region or current ramp down phase.

The plasma discharge time of Alvand tokamak is 9 ms. At this
time, plasma has significant changes and its characteristic is not
uniform. Therefore, in order to better understand the plasma
behavior in each of the phases, the Rogowski sensor should have
sufficient time resolution. The constructed Rogowski sensor with a
frequency up to 15 kHz is appropriate for this purpose. In the
process of testing, it was found that shape of the plasma current is
not the same in all shots (see Fig. 13). In Fig. 13 red circles show
occurring of Plasma Current Reduction.
The plasma impedance can be obtained as equation (21):

Z¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X2
L þ R2p

q
(21)

where XL is the plasma induction reactance and Rp is the plasma
resistance. Since in Alvand tokamaks the plasma induction reac-
tance is much less than the plasma resistance (XL≪Rp), Rp has the
main role in the plasma impedance and ZzRp. Plasma resistance is
obtained by using the total plasma current and the loop voltage
signals directly as Z ¼ Vloop

IP
.

Also, given that POH ¼ Z$I2p , the time evolution of the ohmic
power which is loaded as input power (per unit volume) to the
tokamak can be obtained. In accordance with Fig. 14 the maximum
ohmic heating power in the steady-state region is about 350 kW.
Likewise, in accordance with the plasma impedance diagram in the
transient region of the discharge, when plasma is not fully ionized,
plasma ohmic resistance is dominant. In this case, the plasma
current has a small amount. With plasma ionization and transition
to the steady-state region, plasma ohmic resistance decreases and
inductive reactance predominates. In this case, the ohmic heating
will reach its maximum value.

6. Conclusion

In this paper, based on the lumped-element model of a Rogowski
coil, the low-frequency plasma currentmeasurementwas studied for
Alvand tokamak. The structural parameters play a role of the utmost
importance because th ey were intimately related to the electrical
characteristics of the probe. As it has been demonstrated, the resis-
tance, inductance and capacitance of the coil have to be kept suitable
to improve the dynamic response of the sensor. So a trade-off be-
tween this characteristic and the dynamic behavior has to be
considered in the design. According to the requirements of mea-
surement accuracy, the bandwidth of measured signal can be
determined by the amplitude-frequency characteristic of signal. To
achieve the measurement accuracy of 1%, the actual bandwidth is
narrower than the conventional 3-dB bandwidth. The LCF depends
on the integral circuit in the external-integrating Rogowski coil
system. In the measured signal based on Rogowski coil with the



Fig. 13. Minor plasma disruption; plasma has been recovered and has not completely collapsed.

Fig. 14. The time evolution of ohmic power and plasma impedance of Alvand tokamak.
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active integrator, the LCF was reduced and the sensitivity was not
declined in the meantime. The measured signal with an active
integrator can achieve a high accuracy and reliability when it was
used for plasma current measurement.
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