Novel Adaptive Controller for Effective Magnetic Measurement Under Arbitrary Magnetization
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In the context of the ever-expanding application of soft magnetic materials, the fully controlled magnetic measurement has, therefore, become essential. It ensures not only the accurate modeling of materials but also the rigorous quality control throughout the manufacturing process, as well as the explicit communication of magnetic data in academic studies or between suppliers and customers. Due to the non-linearity and hysteresis nature of electrical steels, automatic flux density controller is required for high standard measurements. We propose in this paper a novel steady-state digital control algorithm with two loops, one to regulate amplitude and the other to correct waveform of the flux density. Measurement results for various samples tested by Epstein frame and ring specimens under different waveforms, a wide range of frequency and high amplitudes of the flux density have proven the high adaptability, accuracy and convergence speed of this controller. Its principle is discussed in details, together with the employed measurement bench.

I. INTRODUCTION

T HE essential properties of magnetic materials such as power losses, permeability, and hysteresis loops are dependent on the flux density B and the magnetic field strength H. Therefore, we generally measure the variation of B within material samples with the externally applied H. The measurement is usually complicated due to the non-linearity introduced by the microstructure of materials [START_REF] Tumanski | Handbook of Magnetic Measurements[END_REF], [START_REF] Fiorillo | Measurement and characterization of magnetic materials[END_REF]. Also, the dynamic phenomena of magnetic materials, which are exhibited by the dependence of their properties on the rated change of B, can cause different testing results if the waveform of B is not well controlled. Therefore, established standards such as IEC 60404 [START_REF] Commission | Magnetic materials -Part 2: Methods of measurement of magnetic properties of electrical steel strip and sheet by means of an Epstein frame[END_REF] have stated that sinusoidal flux density B is required.

Thanks to breakthroughs of computer technology in recent decades, numerous hysteresis-based magnetic loss models have become more feasible and make it possible to predict iron losses in electromagnetic applications (electric rotating machines, transformers, etc.) with excellent accuracy [START_REF] Chevalier | A new dynamic hysteresis model for electrical steel sheet[END_REF]- [START_REF] Dlala | Improving Loss Properties of the Mayergoyz Vector Hysteresis Model[END_REF]. However, these models usually require for their identification and validation more complex data (sometimes not easy to attain) comparing to classical analytical models. For instance, in [START_REF] Chevalier | A new dynamic hysteresis model for electrical steel sheet[END_REF], [START_REF] Bramerdorfer | Accurate and Easy-to-Obtain Iron Loss Model for Electric Machine Design[END_REF], authors imposed a high-amplitude triangular waveform on the flux density B(t) to obtain major hysteresis loops with constant rated changes of B, whereas, B(t) is traditionally a sinewave. Besides, material behavior is strongly dependent on the operating frequency of electromagnetic applications, which is increasing rapidly [START_REF] Gerada | High-Speed Electrical Machines: Technologies, Trends, and Developments[END_REF]- [START_REF] Boglietti | A General Model to Predict the Iron Losses in PWM Inverter-Fed Induction Motors[END_REF] due to the broad integration of switched-mode power supply. Therefore, there is a critical need for accurate and reliable magnetic mea- Dealing with the crucial requirement of data acquisition for further numerical analysis, measurement systems naturally turn to digital. Computer-based systems with multifunctional high-speed sampling rate input/output devices are widely implemented, and digital feedback controllers [START_REF] Matsubara | Acceleration technique of waveform control for single sheet tester[END_REF]- [START_REF] Stupakov | Three Parameter Feedback Control of Amorphous Ribbon Magnetization[END_REF] with their robustness have replaced the former analog circuits [START_REF] Blundell | A new method of measuring power loss of magnetic materials under sinusoidal flux conditions[END_REF], [START_REF] Fiorillo | An improved approach to power losses in magnetic laminations under nonsinusoidal induction waveform[END_REF] in most magnetic testing applications. The control of flux density waveform can be sophisticated in many cases because of the non-linearity of magnetic materials. For instance, as shown in Fig. 1a, without any flux controller, at critical conditions such as high amplitude and very low or high frequency, the deviation of the obtained flux density form factor exceeds 1% and thus violates the standard [START_REF] Commission | Magnetic materials -Part 2: Methods of measurement of magnetic properties of electrical steel strip and sheet by means of an Epstein frame[END_REF]. Typical distorted waveforms are illustrated in Fig. 1b. At low frequency, it is usually the parasitic resistance of the measurement bench which deforms the obtained B(t); whereas the leakage flux of the magnetizing coil is the primary disturbance source at high frequency.

In [START_REF] Zurek | Use of novel adaptive digital feedback for magnetic measurements under controlled magnetizing conditions[END_REF] and [START_REF] Zurek | Practical implementation of universal digital feedback for characterisation of soft magnetic materials under controlled AC waveforms[END_REF], Zurek et al. reported an adaptive iterative feedback solution for 1D and 2D measurements, which was tested with diverse materials, frequency and amplitude levels of flux density. Without any use of parameter identification or particular adjustment depending on system configuration, this controller is supposed to be universal and has been applied in many reported studies, e.g. [START_REF] Krings | Iron losses in electrical machines-influence of material properties, manufacturing processes, and inverter operation[END_REF], [START_REF] Anderson | Measurement of the stress sensitivity of magnetostriction in electrical steels under distorted waveform conditions[END_REF]. However, the convergence time of their algorithm can be further improved. In [START_REF] White | A Multichannel Magnetic Flux Controller for Periodic Magnetizing Conditions[END_REF], with the association of an analog circuit into a digital system, the convergence time is 95% reduced, but authors reported results for a quite narrow range of frequency (2 Hz to 100 Hz) and the analog circuit makes the system not feasible for general applications. In [START_REF] Matsubara | Acceleration technique of waveform control for single sheet tester[END_REF]- [START_REF] Makaveev | Waveform control algorithm for rotational single sheet testers using system identification techniques[END_REF], model-based algorithms were presented, which may help to accelerate the measurement process. In contrast, some of their parameters vary following the magnetizing testers and must be experimentally identified. Thereby, these solutions are not considered universal.

In our study, we propose a novel digital feedback controller which can cooperate with various test systems and gives rapid, and accurate measurements without any extra parameters or practical choice of coefficients on material properties. The primary difference of this controller from the other published is the separation of the controlled variable B(t) into two terms, the amplitude and the waveform. While the amplitude control loop is a classic proportional regulator, the waveform control loop is novel. It is triggered selectively to ensure the stability of the system and to acquire in a small number of iterations the required flux density B(t). The principle of this controller is explained in the following section. At the end of this paper, two closed magnetizing yokes, including Epstein frame and ring specimens are used to test conventional and unconventional soft magnetic materials under both traditional and challenging arbitrary AC conditions.

II. THE MEASUREMENT BENCH AND THE DIGITAL FEEDBACK FLUX CONTROLLER

A test bench with a digital feedback structure and a highly adaptive control algorithm were developed to provide all measurements of soft magnetic materials with an entirely selfregulating mechanism.

A. Description of the magnetic measurement bench

The block diagram of the bench is presented in Fig. 2, and the technical details of principal components are found in Table I.

The most important component, which connects the entire system, is a computer-assisted LabVIEW program. The latter gathers feedback signals for the integrated controller and then generates a command signal to iteratively yield the measured flux density B(t) to its reference B ref (t), within an acceptable amplitude and waveform error. Besides, all the data relating to the measured material, magnetizing yoke (tester), and sampling parameters as well are entered via the user interface of this program. The command signal V 1 (t) is directed to an arbitrary waveform generator that is in cascade with a voltage mode amplifier to power the tester. The primary side current 
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where l is the length of the mean magnetic path of the tester, A m and A c2 are the cross-section of the material sample and the secondary coil, N 1 and N 2 are respective the number of turns of the primary and the secondary side of the tester. These are must-known parameters for all indirect magnetic measurements. The term related to H(t) in the B(t) formula represents the stray magnetic flux caused by the difference of the material section and the measuring coil section.

At this stage, the input (B, H) and the output (V 1 ) of the controller have already been defined, and we propose then ideas how the controller is developed.

B. Principle of the controller

Firstly, we need a universal controller which is capable of regulating B(t) in various waveforms, amplitudes, and magnetizing frequencies. A real-time controller is, therefore, challenging to satisfy this requirement because a complex waveform or a very high magnetizing frequency can lead to sudden changes of the input to which the system cannot respond and becomes unstable [START_REF] Doyle | Feedback control theory[END_REF]. This is why a steady-state digital feedback controller with its robustness and straightforward approach is chosen, as in other recently published studies. It does not adjust the output in real time but only after the system has reached its steady-state. The waveform in an entire magnetizing period of V 1 (t) is corrected after each iteration, then several cycles of this voltage are sent to the tester so that the system response is stable at the end. Only the last stable cycles of the sampled signals are taken into account for the calculation of the next iteration. The signal averaging method, which sums the signal data and then generates an average cycle, is applied to reduce a part of measurement noise [START_REF] Baker | Demystifying mixed signal test methods[END_REF]. Consequently, the dynamics of each iteration do not have a critical effect on the controller stability. Secondly, as the reference of magnetic flux in a magnetizing period B ref 
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(t) to obtain b ref (t). The controlling signal V 1 (t) is also separated into |V 1 | and v 1 (t)
respectively corresponding to the output of the internal and external control loop.

B ref (t) = |B ref | • b ref (t) B(t) = |B| • b(t) ; V 1 (t) = |V 1 | • v 1 (t) (2) 
During each control iteration, the primary side of tester circuit, as shown in Fig. 2, is modeled by formula (3).

V 1 [i] (t) = N 1 A m dB [i] (t) dt + R 1 l N 1 H [i] (t) +N 1 (A c1 -A m )µ 0 dH [i] (t) dt (3) 
where [i] and [i + 1] represent the i th and (i + 1) th iteration respectively, R 1 is the total resistance of the tester primary side, A c1 is the cross section of the exciting coil.

If the magnetizing frequency is sufficiently high and the desired flux density is much lower than the saturation (valid in most cases as indicated in Fig. 1a), the last two terms of (3) are negligible. Consequently, V 1

[i] (t) ≈ N 1 A m dB [i] (t)/dt, the waveform of dB(t)/dt is imposed by the initial waveform of V 1 (t) and the internal control loop becomes useless. For example, we send a rectangular V 1 (t) to obtain a triangular B(t). The idea of separating the two controlled variables is hence to reduce the calculation time and so the measurement time in these cases by automatically disabling the internal control loop. Moreover, in more critical cases as what we are addressing in this paper, the selective activation of this control loop also prevents the oscillation of |B|. The organization chart of the entire controller is presented in Fig. 3.

In the following sections, two control loops are described in detail, and it should be noticed that all time-dependent terms in equations are considered as the temporal variation of the variables over an entire period of magnetization. 

V 1ref (t) = N 1 A m dB ref (t) dt + R 1 l N 1 H ref (t) +N 1 (A c1 -A m )µ 0 dH ref (t) dt (4)
However, in the first iterations, such estimation is not possible. Moreover, what we have now, are

[|B [i] |•b(t), H [i] (t)] with |B [i] | = |B ref | and b(t) = b ref (t).
V 1ref (t) cannot be predicted to immediately obtain

B [i+1] (t) = |B ref | • b ref (t). The idea now is to correct V [i] 1 (t) in a manner that in the next iteration B [i+1] (t) will have at least |B [i+1] | = |B [i] | and b [i+1] (t) ≈ b ref (t). An estimation of H [i+1] (t) is required now, the simplest one is H [i+1] (t) = H [i] (t), hence: V [i+1] (t) = N 1 A m d[|B [i] |b ref (t)] dt + R 1 l N 1 H [i] (t) +N 1 (A c1 -A m )µ 0 dH [i] (t) dt (5) 
Subtracting both side of equation ( 3) and ( 5) yields a simpler expression for the correction of

V [i]
1 (t) after each iteration:

V [i+1] (t) = V 1 [i] (t) + N 1 A m d dt [|B [i] |b ref (t) -B [i] (t)] then V [i+1] (t) = V 1 [i] (t) + N 1 A m |B [i] | d dt [b ref (t) -b [i] (t)] with V 1 [0] (t) = N 1 A m |B ref | db ref (t) dt (6) 
The temporal derivative of b(t) and b ref (t) are calculated using the symmetric difference quotient block of LabVIEW. As V

[i+1] 1 (t) is derived from db [i] (t)/dt, this feedback must be filtered to eliminate high-frequency measurement noise and be synchronized in phase with b ref (t) (Fig. 4). The advantage of the steady-state digital feedback controller is its off-line nature, which allows the use of an ideal Fourier transformation instead of a real-time filter with phase lag for the filtering. Signals are analyzed in the frequency domain, all the harmonics beyond a pre-defined cut-off harmonic are then canceled. Before performing measurements, the cut-off harmonic, which depends significantly on the desired waveform, must be entered to the LabVIEW program with a value generally greater than 100. The synchronization between b [i] (t) and b ref (t) is managed by a particular numerical process which searches for the number of shifted elements of the array b [i] (t) minimizing the root mean square of residues between two signals.

min f k with f k = j [SHIF T (b [i] (j), k) -b ref (j)] 2 (7) 
where SHIF T (b [i] Normalized time

(j), k) means b [i] (t) is shifted k elements. As V 1 [i+1] (t)
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2) External control loop: In case the last terms of (3) are negligible, the magnitude of two sides of (3) is given as:

|V 1 | ≈ |V 1 [0] | = N 1 A m dB dt = N 1 A m Kf |B| with G = N 1 A m Kf ( 9 
)
where f is the magnetizing frequency and K is a proportional constant between |dB/dt| and |B|, for instance, in case of a sinewave we have |dB/dt| = 2πf |B| and so on K = 2π. The proportional constant G in ( 9) is simply determined by parameters of tester and waveform of B(t) which must be known for all measurements with or without a controller. A straightforward digital proportional algorithm as following allows the flux density amplitude to achieve a sufficiently low steady-state error after two to three iterations:

V 1 [i+1] = V 1 [i] + K I (|B ref | -B [i] ) with V 1 [0] = K I |B ref | (10) 
K I must be lower or equal to G to limit the oscillation of |B|, in our study K I = G.

As mentioned above, we are addressing measurements at extremely low or high frequency, and at a high amplitude of B. At low frequency, the dB(t)/dt is small, and the first term of (3) becomes comparable to the second term. As the frequency increases, due to the limit of the power amplifier supply voltage, the number of material samples must be Thereby, the material section becomes much smaller than the tester coil section, and the third term is now non-negligible. In the above two cases, the waveform of v 1 (t) is highly distorted, as shown in Fig. 5. The system becomes exceptionally nonlinear and measurements are slowed down. Since

V 1 [i] (t) is corrected to be V 1 [i+1] (t), (9) 
should be rewritten as:

|V 1 | ≈ K M V [0] 1 = K M G |B| (11) 
where the K M is employed for compensating for the tester non-linearity and accelerating the convergence of B(t). K M is auto-updated after each iteration allowing the algorithm to converge at a better speed.

K M [i] = T 0 v 1 [0] (t) dt T 0 v 1 [i] (t) dt and K M [0] = 1 (12) 
Finally, the amplitude control loop has the following form:

V 1 [i+1] = V 1 [i+1] + K M [i+1] K I (|B ref | -|B [i] |) with K I = G (13)
From this stage, the control voltage sent to the tester after each iteration is

V 1 [i+1] (t) = |V 1 [i+1] | • v 1 [i+1] (t).

C. Implementation of the controller in LabVIEW

The controller is implemented in the LabVIEW program according to the function diagram shown in Fig. 6. Two main points that should be noted is the manner the two control loops cooperate and the stopping criteria of measurements.

The external controller is always on to continually regulate the amplitude of B(t), whereas the internal one is only triggered in the two following cases based on the value of the waveform indicator res B to avoid the oscillation of amplitude:

1) the amplitude of B(t) is increasing, but the res B value increases too, which means b(t) is becoming more distorted, the internal controller is necessary to improve res B ; 2) at the end of each iteration that the amplitude error e |B| is satisfied, the res B value is recorded and compared with the previously recorded values. If the actual res B is not better than the previous best one, then the internal controller is activated to search for a better v 1 (t).

The amplitude error of B(t) is evaluated as follows:

e |B| = |B ref | -|B| |B ref | • 100% (14) 
The distortion of B(t) is evaluated by the waveform indicator by [START_REF] Derebasi | A novel system for rapid measurement of high-frequency magnetic properties of toroidal cores of different sizes[END_REF]. The traditional form factor is not employed because of its ambiguity for non-sinusoidal waveforms.

res B = N j=1 (b [j] -b ref [j] ) 2 N • 100% ( 15 
)
where N is the number of samples per period of B(t), j is the element position in the array. Before executing the program, the desired value of amplitude error e |B|0 and waveform indicator res B0 must be entered, the lower these desired values are, the more convergence time the system requires. Besides, we also need to define the maximum number of iterations in total N i1 and the maximum number of iterations at which we have e |B| < e |B|0 before stopping the measurement N i2 . These latter parameters are useful in case the program encounters the convergence problem, and measurement lasts too long. The measurement program stops in the four following cases: 1) the measurement is successfully performed, which means the amplitude error e |B| and the waveform indicator res B are both lower than their required values; 2) the maximum number of iterations is reached, but b(t) does not meet its required waveform, the system automatically stops to avoid thermal overload; 3) the current or the voltage reaches their limit, and the program is automatically urgent shut down; 4) the user intends to shut down the system because it might seem never converge or unsecured problems occur or simply because he does not want to continue the measurement; As soon as the measurement is finished, all feedback signals and derived B(t) and H(t) are saved. The user can display the hysteresis loop, signal waveforms, and also relevant information such as specific power losses, permeability, magnetic remanence, and coercivity.

III. RESULTS

The flux controller was tested with two magnetizing circuits, including Epstein frame and ring cores. For various measurement conditions, we found results of high accuracy and short convergence time that proved the great flexibility of the controller. As illustrated in Fig. 7, a measurement with thin-gauge non-oriented SiFe NO20 samples was carried out to demonstrate the iterative adjustment of the control waveform v 1 (t) and the respective evolution of B(t). After six iterations, B(t) converges to B ref (t), firstly the amplitude and then the waveform. The voltage v 1 (t) is distorted rapidly as the flux is closer to its saturation value. By comparing v 1 [5] (t) and H [5] (t), we can see that the waveform of v 1 (t) was considerably modified under the influence of very high magnetic field (maximum value nearly 10 000 A/m).

Performance analysis of the controller is conducted using three measurements in the critical domain of Fig. 1a. The v1 [0] v1 [1] v1 [2] v1 [3] v1 [4] v1 [5] -2
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B [1] B [3] B [4] B [5] H [5] -10000 as functions of the iteration number are represented in Fig. 8a and Fig. 8b respectively. It can be observed that, in the end, these criteria are below their desired value of 0.2%. The waveform quality is ensured much higher than that required by the IEC standard [START_REF] Commission | Magnetic materials -Part 2: Methods of measurement of magnetic properties of electrical steel strip and sheet by means of an Epstein frame[END_REF]. At the regular frequency 50 Hz, the controller manages to stop correctly after about 10 iterations, it takes respectively about 20 and 40 iterations at very high frequency (2 kHz) and very low frequency (2 Hz) due to the rival influence of the steel alloy non-linearity. As indicated in the principle of the controller section, the more non-linear the system, the longer the measurement duration.

The average duration for each iteration at 2 Hz, 50 Hz, and 2 kHz are respectively 0.9 second, 0.6 seconds and 0.5 seconds. During each iteration, the controller must wait for the magnetizing operation, then process the feedback and send the control signal to the generator. These tasks vary in different ways, depending on the frequency and properties of materials. Supposing the number of cycles sent to the tester per iteration is fixed for all frequencies, the lower the magnetizing frequency we need, the longer its period is, and hence the magnetizing operation lasts longer at low frequency than at high

The controller is versatile, and its performance is highly dependent on user demand. As found in Fig. 8, the measurement can be accelerated by decreasing the quality criteria. For example, considering the desired waveform indicator of 0.5%, we can reduce nearly half of iterations in every measurement. In Fig. 9, NO20 alloy is measured in quasi-static conditions with very low frequency (0.5 to 2 Hz) and high amplitude of induction (1.7 T). On the left side, we can see that the The last one with complex shape and many turning points at different levels, which can be applied for the validation of hysteresis models, is generally a challenge for any flux controller. However, we obtained high-quality results with the novel controller.

The results of dynamic measurements are also presented in Fig. 10, NO20 is used for the first two figures and a CoFe alloy for the others. With NO20, Epstein samples are employed for the measurement, which allows the frequency to reach 1250 Hz and 2000 Hz respectively in case of triangular and sinusoidal waveforms. Although the frequency increment inflates the shape of hysteresis cycles, measurements are performed accurately. Then, CoFe ring specimens are measured with a frequency of up to 5 kHz at the 2.1 T induction level. This alloy is characterized by its typical large shape hysteresis loop (high coercivity), which always requires an excellent controller to obtain the desired induction waveform. All measurements are well performed, but as can be observed at 5 kHz, there are saw-tooth variations around the remanence area of the hysteresis loop. This due to the bandwidth limit the power amplifier. Since the cut-off frequency is 100 kHz, harmonics above 20 are distorted, and therefore the induction obtained is slightly distorted but still with acceptable quality.

More complicated measurements, which are essential to quantify the losses increment produced by the switched-mode power supply in magnetic materials, are reported in Fig. 11. A PWM waveform (a) and an asymmetrical triangle waveform (b) are respectively imposed on the flux density. In the case of Fig. 11.b, a symmetrical triangle of 1.5 T, which is not shown, must be added at the beginning of the signal to calibrate the magnetization state of the material. The calibration of the magnetization state is important, because the voltage sensor can only determine the difference between the maximum and minimum value of flux density, but not the actual absolute value of flux density. The material must also be demagnetized before the measurement. At 50 Hz, the algorithm converges after approximately 5 iterations. The waveform with DC offset is not tested in this study. This type of measurements requires additional equipment (fluxmeter, adapted power amplifier,...) and investigations. However, our controller promises to work well.

Summary of the controller performance is given in Table II. This controller is adaptable for all tested electrical steels from conventional to unconventional, with various waveform ranging from simple to very complex, and with induction up to 95% of the saturation. On the other hand, the dynamic measurement quality is specified by the ADC sampling of the acquisition cards and especially by the bandwidth of the power amplifier. With a more advantageous power amplifier, the magnetizing frequency promises to rise even higher.

IV. CONCLUSION

This paper was about a novel digital flux density controller. Its principle was described, together with the implementation in a soft magnetic material measurement bench. The idea of separating the controlled signal into two terms, including the amplitude and the normalized waveform, allows the system to have great stability and high accuracy in conformity with the international standard. Due to the non-linearity of materials, the controller convergence speed is dependent on measurement conditions such as type of tester, material, magnetizing frequency, and required flux density. However, in any case, it is still more relevant and robust than that reported in the other publications. Without any extra parameter or complicated identification procedure, this controller is highly adaptable to any 1D magnetic measurements. Application in 2D and 3D systems shall be carried out in the subsequent studies.
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 11 Fig. 11. Complex measurements: (a) NO20 1.5 T, Epstein frame, PWM 50 Hz, (b) NO20 1.5 T, Epstein frame, asymmetrical triangular 50 Hz
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 1 Internal control loop: From the equivalent model in (3), we try to solve the inverse problem of how to iteratively modify the input V 1 (t) to obtain the required waveform B ref (t) of the flux density B(t). The voltage and the magnetic field corresponding to B ref (t) are interpreted respectively by V 1ref (t) and H ref (t). In case all parameters of the tester are well known, comprising N 1 , A

m , A c1 , l and R 1 , the two unknown terms are effectively V 1ref (t) and H ref (t). Supposing we have an accurate estimation of H ref (t), V 1ref (t) can be directly derived by the following formula: