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Abstract. This paper examines the effect of strip speed on a multi-frequency 
electromagnetic (EM) NDT system installed on the run-out table (ROT) of the hot 
strip mill #2 at Tata Steel IJmuiden.  This system is used to monitor the steel 
transformation process. The EM sensor head contains an H shaped magnetic core, 
which is excited simultaneously at multiple frequencies. 
 The effect of strip speed is investigated both by numerical simulations (finite 
element modelling) and experimental laboratory studies. The experiments on a 
translation rig covered the speed range 0 – 4 m/s, while in the simulations, speeds up 
to 50 m/s have been assessed. The results show that the magnitude and general shape 
of the induced voltage and inductance curves are the same for both the simulation and 
experimental studies and most significantly these results demonstrate that, for the 
excitation frequencies used, the effects of strip speed on the EM sensor output are 
negligible. 

Introduction  

Recently an EM sensor system has been developed to measure phase transformation of steels 
during the cooling process on run-out tables in hot strip mills [1-3] for steel microstructure 
and mechanical properties control [4-7]. The H shaped sensor head consists of five coils: one 
excitation coil in the centre, two sensing coils on the top side and two dummy coils at the 
bottom side. Adjacent pairs of receiving coils are wired in series, thereby maximising the 
signal of interest while helping to reduce the common mode interference caused by ambient 
magnetic fields. The total number of windings for each series connected pair is equal to the 
excitation coil [8, 9]. Currently the H shaped sensor head installed at the hot strip mill #2 at 
Tata Steel Ijmuiden is oriented transverse to the motion direction of steel strips. The 
excitation coil generates AC magnetic field at multiple frequencies and the sensing coils 
measures the mutual inductance change caused by the change of magnetic properties of a 
steel strip above the sensor head during phase transformation from austenite phase to ferrite 
phase [10].  
 

Miscellaneous effects that may affect EM sensor performance have been investigated 
in [11], including sensor dimension, lift-off and the effects of the metal in the industry 
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housing containing the sensor and rollers positioned nearby. In this paper, the steel strip 
speed effect will be investigated. In the hot strip mill , the speed of the steel strips above the 
sensor head varies from 1 m/s to 25 m/s, depending on the cooling speed and control strategy; 
the thinner the strip,  the higher the speed will be. Both finite element modelling (FEM) and 
laboratory measurements have been carried out to find out whether phase transformation 
measurement is sensitive to the motion speed.  
 
Three-dimensional (3-D) finite element analysis  
 
The commercial EM solver ANSYS Maxwell [12] was employed for the finite element (FE) 
simulation. The 3D model geometry is shown as Fig. 1 and described below. 
 
(a) 

 

(b) 

 
 

Fig. 1. (a) 3D model of H shaped sensor head (b) Sensor above steel sheet 
 

The sensor is 70 mm high and the core separation is 32 mm with 10 mm cross section. 
The sensor is placed above the steel sheet perpendicular to rolling direction, with 20mm 
lift-off. The small steel plate is 170 mm long by 80 mm wide by 1 mm thick. The relative 
permeability of the steel plate is set as 100 and electrical conductivity is 1.1 MS/m. The 
moving speed of the steel plate was set as 4 m/s, 10 m/s, 20 m/s and 50 m/s, the latter as the 
extreme condition. ANSYS Maxwell transient server is used in this simulation and the 
excitation frequency is set as 1 kHz.  
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Fig. 2. (a) Induced voltage at four different speed (b) Mutual inductance at different speed 
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The plots in Fig. 2 show the transient results, in inverse speed order, i.e. starting with 
the highest speed. At t = 0 ms, no plate is below the sensor, causing it to produce its 
background voltage (here with amplitude 290 mV). Next, in the interval [15..25] ms, the 
ferromagnetic plate with speed 50m/s is present below the sensor, resulting in an amplitude 
increase to about 305 mV. Afterwards, in the interval [38..50] ms the plate moves with 20 
m/s below the sensor, etc. The raw AC data in Fig. 2a and demodulated mutual inductance in 
Fig. 2b show that the amplitude and general shape of the curves are the same but their width 
varies inversely with speed as the test plate passes underneath the sensor in the model, which 
suggests that speed has no effect to the sensor output. 
 
Experiment procedure 
 
A linear motion system, depicted in Fig. 3, was used to measure the effect of strip speed on 
the EM sensor. For this system, the sensor head is attached to a linear slide and can move 
along the test rig (from position x = -650 mm to x = 650 mm ), while the metal sheet is kept in 
a fixed position during the test. The target speed was set as 0.01 m/s, 1 m/s, 2 m/s, 3 m/s and 
4 m/s. The test steel sheet is centred symmetrically around x = 0 mm, i.e. the central position 
of the linear slide. The lift-off between sensor and steel plate is 30 mm. The eight working 
frequencies for the EM sensor system are 187.5 Hz, 375 Hz, 1.5 kHz, 3 kHz, 6 kHz, 12 kHz 
and 24 kHz. The update rate of the EM sensor output is 40 Hz, i.e. the time interval between 
adjacent signal spectra is 25 ms, which delivers sufficient number of reliable samples for our 
studies.  
 
 
 

 
 

Fig. 3. Linear motion system and configuration of sensor and steel sample  
 

In the experiment, four hot–rolled steel samples are used, of which the details are 
given in Table 1. The first sample, denoted by S1, is an Austenite steel that is paramagnetic; 
the other three, denoted by S2, S3 and S4, are ferromagnetic steel samples. For each steel 
sample, the sensor head is accelerated from the home position to achieve the target speed for 
each test, and then decelerated to stop at the end position. The speed profiles along the linear 
slide positions are shown in Fig. 4. They were expected speed profiles that are calculated 
based on the configuration values of the motion system, i.e. the acceleration, deceleration, 
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target speed and travel distance of the moving object. For this experiment, the constant 
speeds are achieved before the sensor travels below the metal samples, except for the 
Austenite steel sample (S1) at 4 m/s as it was 200 mm longer than the other samples.  
 

Note that in Fig.4, the discrete markers in each speed profile are used to indicate the 
strip speed and the strip position with regard to the reference position at the moment when the 
sensor performs a measurement. Because the sensor signal is sampled at a constant time 
interval, the number of signal samples varies for different moving speeds. For the same 
travelling distance of the sensor, the number of signal samples for the moving speed v = 0.01 
m/s can be 400 times of that for v = 4 m/s.  
 

Table 1. Hot-rolled steel samples used in the experiment 
 Thickness 

(mm) 
Dimension along moving 
direction and transverse 
(mm × mm) 

Material Alloy 

S1 3.00 612 × 365 Austenite steel, RVS310 - 

S2 2.70 400 × 390 Ferromagnetic steel  0.1%C, 0.5%Mn 
S3 1.85 394 × 380 Ferromagnetic steel 0.04%C,0.8%Mn 

S4 3.84 430 × 430 Ferromagnetic steel 0.001%C,0.1%Mn 

 

 
Fig. 4. Speed profiles along test rig position for target speeds 0.01, 1, 2, 3, 4 m/s respectively  

 
 
Experiment results analysis  
 
The typical signal responses of paramagnetic and ferromagnetic materials, i.e. the steel 
samples S1 and S2, along test rig positions at one frequency are shown in Fig. 5, when the 
sensor head travels at the speed v = 0.01, 1, 2, 3, 4 m/s. The real part, imaginary part, 
magnitude and phase at f = 750 Hz are shown in this figure. In each plot, curves with four 
different colours and markers represent the signal responses at each speed of 0.01 m/s (solid 
blue line), 1 m/s (green circle), 2 m/s (red triangle), 3 m/s (light blue square) and 4 m/s 
(purple diamond). The steel sample occupied zone and the constant speed zone at v = 4 m/s 
are illustrated in the figures as well.  
 

V=0.01 m/s 

V=1 m/s 

V=2 m/s 

V=3 m/s 

V=4 m/s 



5 

 
(a)  

 

(b) 

 
(c) 

 

(d) 

 
(e) 

 
 

(f) 

 

(g) 

 

(h) 

  

 

Fig. 5. EM sensor response of paramagnetic and ferromagnetic steel samples S1 and S2 at f = 750 Hz at speed of 
0.01(solid blue line), 1(green circle), 2(red triangle), 3(light blue square) and 4 m/s (purple diamond): Real 

inductance (a)S1 (b)S2, Imaginary (c)S1 (d)S2, Magnitude (e)S1 (f)S2, Phase (g)S1 (h)S2 
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Sample zone is the area, where steel strip sample was present above the sensor 
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Note that the responses shown in Fig. 5 are synchronised based on the speed profiles 
in Fig. 4. Therefore, the data within the constant speed zone is best synchronised and gives 
the most reliable results than the rest of data. By checking the data within the constant speed 
zone, we do not see noticeable speed effect on the signals (up to 4 m/s) as all the curves for 
the different speeds have about the same value for their respective frequencies. The step 
response of the system is apparent when the sensor passes the heading or tailing edges of the 
sample especially for the S2 sample that is ferromagnetic. For ferromagnetic samples, 
magnetization effect is dominant at the beginning and real inductance increases sharply. 
When the sample approaches, eddy current effect increases and compensates the 
magnetization effect, which will cause the reduction of real inductance. When the sample 
moves away, magnetization dominant again and real inductance increases.   
 

The EM sensor responses for all the 8 frequencies and all the samples (S1-S4) have 
been measured when the sensor is around the centre position below the steel sample, in the 
range from -20 mm to 20 mm, where the speed is constant, shown as Fig. 6.   The highest 
frequency of 24 kHz shows an error due to resonance with the capacitance of the connecting 
cable, but nevertheless speed still has no measureable effect. 
 
(a) 

 

(b) 

 
(c) 

 

(d) 

 
 
Fig. 6. MFIA signals versus frequency at speed 0.01 (blue), 1 (green), 2 (red), 3 (light blue) and 4 m/s (purple) 

(a) S1   (b) S2   (c) S3   (d) S4 
 

In addition, the zero-crossing frequencies (ZCF), i.e. the frequency at which the real 
inductance goes to zero, for the four steel samples are retrieved and presented in Fig. 7. as a 
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function of speed.  Here again there is no noticeable effect or trend due to speed over the 
measurement errors of the experiment. 

 
Fig. 7. ZCF versus speed with error bar 

 
Both Fig. 6 and Fig.7 show that the EM sensor response is reasonably constant at 

speed up to 4 m/s. 
 
Conclusion   
 
In this paper, both FEM simulation and experiments were performed to study the speed effect 
of steel strip on the EM sensor output with the sensor head in the form of “H”-yoke that is 
transverse to the moving direction. Experimental results indicate that for the excitation at the 
frequency range of 200 Hz – 24 kHz with moving speed up to 4 m/s, there is no noticeable 
speed effect observed for the tested hot-rolled steel samples in cold condition. In addition, the 
step response of the MFIA signals can be well explained by the magnetization and eddy 
current effects. The FEM simulation results (up to 50 m/s) also show no significant speed 
effect to induced voltage and inductance magnitude at 1 kHz. Hence both the model 
simulations and the experimental tests are consistent in their finding that there is no 
noticeable effect of strip speed on the MFIA signal. 
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