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To track the maximum power of a hydraulic turbine, the rotational speed needs to be adapted to flow rates variations, enabling higher speed tracking demands. Moreover, a Variable Speed Micro-Hydro Plant (VS-MHP) is a complex nonlinear system affected by large uncertainties. Active Disturbance Rejection Control (ADRC) can estimate and compensate the total disturbances in real-time, achieving higher robustness. A Linear-ADRC (LADRC) with the torque compensation is implemented to the speed control loop of a VS-MHP, which is tested under a real-time power Hardware-In-the-Loop benchmark. Experimental results prove its advantages for VS-MHP applications.

Introduction

Hydropower is widely used in the renewable energy context [START_REF] Ansel | Modelling and simulation of an autonomous variable speed micro hydropower station[END_REF][START_REF] Belhadji | Adaptive MPPT Applied to Variable-Speed Microhydropower Plant[END_REF][START_REF] Márquez | Dynamic modeling, simulation and control design of an advanced micro-hydro power plant for distributed generation applications[END_REF][START_REF] Guo | Variable speed micro-hydro power generation system: Review and Experimental results *[END_REF][START_REF] Valavi | Variable-speed operation of hydropower plants: Past, present, and future[END_REF]. Limited to the capacity of the Power Electronics (PE), variable speed technique is mainly implemented to small-or micro-hydro plants, which are mostly based on the "Run-of-River" (RoR). The RoR scheme usually has a low head and high water flow rates, Kaplan or Semi-Kaplan turbines become the most attractive prime mover for their high efficiency under such conditions 5 [START_REF] Ansel | Modelling and simulation of an autonomous variable speed micro hydropower station[END_REF][START_REF] Belhadji | Adaptive MPPT Applied to Variable-Speed Microhydropower Plant[END_REF]. The hydraulic efficiency of Kaplan-type turbine is sensitive to water flow rate variations and rotational speed changes, the variable speed operation can help find the best efficiency point when the hydraulic conditions change [START_REF] Guo | Variable speed micro-hydro power generation system: Review and Experimental results *[END_REF]. Besides, variable speed techniques can optimise the operation process by mitigating the cavitation effects [START_REF] Valavi | Variable-speed operation of hydropower plants: Past, present, and future[END_REF], alleviating water hammer disturbances [START_REF] Belhadji | Adaptive MPPT Applied to Variable-Speed Microhydropower Plant[END_REF], and optimizing transient processes [START_REF] Guo | An anti-disturbance ADRC based MPPT for variable speed microhydropower plant[END_REF]. Thus, Variable Speed Micro-Hydro Plants (VS-MHP) equipped with PE units gives rise to advantages in the hydraulic context [START_REF] Ansel | Modelling and simulation of an autonomous variable speed micro hydropower station[END_REF][START_REF] Belhadji | Adaptive MPPT Applied to Variable-Speed Microhydropower Plant[END_REF][START_REF] Márquez | Dynamic modeling, simulation and control design of an advanced micro-hydro power plant for distributed generation applications[END_REF][START_REF] Guo | Variable speed micro-hydro power generation system: Review and Experimental results *[END_REF][START_REF] Valavi | Variable-speed operation of hydropower plants: Past, present, and future[END_REF][START_REF] Guo | An anti-disturbance ADRC based MPPT for variable speed microhydropower plant[END_REF]. In 10 this paper, a VS-MHP of semi-Kaplan turbine coupled to a Permanent Magnet Synchronous Generator (PMSG) is considered. The hydropower generation system is connected to the power grids via back-to-back full PE converters.

The rotational speed of hydraulic turbine needs to be adapted to the water flow rates variations in order to achieve the Maximum Power Point Tracking (MPPT) in a VS-MHP, which enables higher speed tracking demands [START_REF] Belhadji | Adaptive MPPT Applied to Variable-Speed Microhydropower Plant[END_REF]. MPPT operation provides an optimal speed reference for the speed control loop. Then, Proportion-Integration 15 (PI) controllers are commonly used for the speed regulation due to their simplified structure, high steady-state accuracy, and stability [START_REF] Jung | Adaptive PID Speed Control Design for Permanent Magnet Synchronous Motor Drives[END_REF]. Nevertheless, a VS-MHP is a nonlinear system disturbed by various internal and external uncertainties [START_REF] Guo | An anti-disturbance ADRC based MPPT for variable speed microhydropower plant[END_REF]. Several internal disturbances must be considered: A PMSG is faced with various uncertainties such as parameters variations caused by the aging factor, the non-constant friction, and the nonlinear magnetic field effect [START_REF] Li | Adaptive speed control for permanent-magnet synchronous motor system with variations of load inertia[END_REF]; Additionally, PE itself is full of uncertainties including non-constant parameters caused by the aging factor, nonlinear variations due to heat effects. External disturbances mainly involve the following aspects:

The water dynamics inside the penstocks and the actuator's dynamics cause pressure head oscillations, which would result in torque fluctuations [START_REF] Mesnage | Modélisation et contrôle avancé pour les centrales de turbinage de moyenne et haute chute[END_REF]. Also, there are cases where the turbine operates in unstable regions, being unavoidable and resulting in severe vibrations [START_REF] Mesnage | Hydraulic-turbine start-up with "s-shaped" characteristic[END_REF]. The nonlinear features and large unpredictable disturbances in VS-MHPs would negatively affect the speed control performance. The increasing demands for high robustness and unavoidable limitations of traditional PI controllers have driven the engineers to apply more efficient control solutions [START_REF] Guo | An anti-disturbance ADRC based MPPT for variable speed microhydropower plant[END_REF][START_REF] Jung | Adaptive PID Speed Control Design for Permanent Magnet Synchronous Motor Drives[END_REF][START_REF] Li | Adaptive speed control for permanent-magnet synchronous motor system with variations of load inertia[END_REF][START_REF] Kung | FPGA-Based Speed Control IC for PMSM Drive With Adaptive Fuzzy Control[END_REF][START_REF] Elghali | High-order sliding mode control of a marine current turbine driven doubly-fed induction generator[END_REF][START_REF] Li | Output predictor-based active disturbance rejection control for a wind energy conversion system with pmsg[END_REF][START_REF] Guo | A review on ADRC based PMSM control designs[END_REF][START_REF] Tong | Research on PMSM active disturbance rejection controller based on model compensation[END_REF].

Large advanced control techniques such as adaptive Proportion-Differentiation-Integration (PID) [START_REF] Jung | Adaptive PID Speed Control Design for Permanent Magnet Synchronous Motor Drives[END_REF], Fuzzy control [START_REF] Kung | FPGA-Based Speed Control IC for PMSM Drive With Adaptive Fuzzy Control[END_REF], sliding mode control [START_REF] Elghali | High-order sliding mode control of a marine current turbine driven doubly-fed induction generator[END_REF], and Active Disturbance Rejection Control (ADRC) [START_REF] Guo | An anti-disturbance ADRC based MPPT for variable speed microhydropower plant[END_REF][START_REF] Li | Output predictor-based active disturbance rejection control for a wind energy conversion system with pmsg[END_REF][START_REF] Guo | A review on ADRC based PMSM control designs[END_REF][START_REF] Tong | Research on PMSM active disturbance rejection controller based on model compensation[END_REF] are proposed to improve the speed control performance. Due to high robustness and advantages of less depending on the knowledge of a plant model, ADRC is increasingly implemented to the speed control of electrical drive systems [START_REF] Guo | An anti-disturbance ADRC based MPPT for variable speed microhydropower plant[END_REF][START_REF] Li | Output predictor-based active disturbance rejection control for a wind energy conversion system with pmsg[END_REF][START_REF] Guo | A review on ADRC based PMSM control designs[END_REF][START_REF] Tong | Research on PMSM active disturbance rejection controller based on model compensation[END_REF]. The key module in the frame of ADRC is the Extended State Observer (ESO). The internal dynamics and external disturbances are lumped together as the generalized disturbances, which are defined as an extended state variable. Then, total disturbances are estimated via the ESO and actively compensated into the closed-loop dynamics in real-time, which achieves high robustness in dealing with uncertainties. Further, Linear-ADRC (LADRC) has been proposed in [START_REF] Gao | Scaling and bandwidth-parameterization based controller tuning[END_REF], which make the controller design and parameter tuning more practical.

Large applications prove that it can achieve nearly the same performance as nonlinear ADRC with less complexity [START_REF] Li | Adaptive speed control for permanent-magnet synchronous motor system with variations of load inertia[END_REF][START_REF] Li | Output predictor-based active disturbance rejection control for a wind energy conversion system with pmsg[END_REF][START_REF] Gao | Scaling and bandwidth-parameterization based controller tuning[END_REF][START_REF] Sun | A DSP-based active disturbance rejection control design for a 1-kW H-bridge DC-DC power converter[END_REF][START_REF] Liu | Active disturbance rejection controller based on permanent magnetic synchronous motor model identification and compensation[END_REF]. Moreover, the large hydraulic torque variations bring great estimation burden for ESO [START_REF] Guo | An anti-disturbance ADRC based MPPT for variable speed microhydropower plant[END_REF][START_REF] Tong | Research on PMSM active disturbance rejection controller based on model compensation[END_REF], which would affect the speed tracking performance. If the torque information could be obtained and appropriately used, the estimation efficiency would be enhanced. However, a physical torque sensor is still expensive; some sensorless approaches can observe the load torque precisely at the price of the extra computational complexity [START_REF] Tong | Research on PMSM active disturbance rejection controller based on model compensation[END_REF][START_REF] Zedong | A Rotor Speed and Load Torque Observer for PMSM Based on Extended Kalman Filter[END_REF].

A simple on-line torque identification approach discussed in [START_REF] Liu | Active disturbance rejection controller based on permanent magnetic synchronous motor model identification and compensation[END_REF] is employed in this design, which can track the hydraulic torque dynamics efficiently.

In this paper, a LADRC-based speed controller is designed to improve the speed tracking performance, thus achieving efficient MPPT operation. The key features of the proposed speed control strategy are as follow: 1) It achieves faster control dynamics and higher robustness against various external disturbances and internal uncertainties; 2) It introduces an on-line torque observer into the speed control loop, which enables more efficient ESO; 3) It is simple to design and tune the speed controller for practical engineers. This paper is organised as follows: In Section 2, the VS-MHP under study is modelled and described. In Section 3, a LADRC-based speed controller is designed, and a hydraulic torque observer is introduced to enhance the efficiency of ESO. In Section 4, the suggested LADRC-based speed controller is validated under a real-time power Hardware-In-the-Loop (HIL) benchmark. Conclusions are indicated in Section 5.

Variable speed micro-hydro plant

The VS-MHP under study includes three parts: Hydraulic turbine, PMSG, and Power Electronics interfaces, which are modelled and described in the following subsections. Besides, the employed MPPT technique and the control design of VS-MHP are explained before starting the LADRC-based speed controller design. In this paper, a propeller-type semi-Kaplan turbine of fixed blades and fixed guide vanes is considered, which has a similar operating feature to wind turbines [START_REF] Iman-Eini | Evaluation of loss effect on optimum operation of variable speed micro-hydropower energy conversion systems[END_REF]. The available hydraulic power P h (W ) depends on the net water head H(m) and the water flow rate Q (m 3 /s):

P h = ρ • g • H • Q (1)
where ρ (kg/m 3 ) is the density of water, g is the acceleration due to gravity (m/s 2 ).

Hydraulic turbine efficiency η strongly affects the net output mechanical power P m (W ) as follows:

P m = η • P h (2) 
The hydraulic mechanical torque is represented by (3), and ω (rad/s) is the hydraulic turbine rotational speed.

T m = P m ω (3) 
The steady-state efficiency of the semi-Kaplan hydraulic turbine is experimentally described in [START_REF] Márquez | Dynamic modeling, simulation and control design of an advanced micro-hydro power plant for distributed generation applications[END_REF], which is approximated by the following expressions:

η(λ, Q) = 1 2 [( 90 
λ i + Q + 0.78)exp( -50 λ i )]3.33Q (4) 
where λ i is given by

λ i = [ 1 λ + 0.089 -0.035] -1 (5) 
where λ = RAω/Q, R (m) is the radius of the hydraulic turbine, A (m 2 ) is the area swept by rotor blades. The efficiency described by (4) and the generating hydraulic power curves (2) are shown in Figure 1. The figures 60 indicate that when water flow rates change, there exists an optimal rotational speed that maximizing the efficiency.

3

Mathematical model of PMSG

In the synchronous dq frame, the PMSG can be modelled as follows:

v d = L d di d dt + R s i d -ω e L q i q v q = L q di q dt + R s i q + ω e (L d i d + ψ f ) (6) 
where v d and v q are the stator voltage vector of q-axis and d-axis, respectively; i d and i q are the stator current vector of q-axis and d-axis, respectively; L d and L q are the inductance of stator winding of q-axis and d-axis, respectively; R s is the stator winding resistance; ψ f is the permanent magnet flux vector, ω e is the electrical rotational speed.
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Electromagnetic torque T e in the dq coordinate system is given by [START_REF] Jung | Adaptive PID Speed Control Design for Permanent Magnet Synchronous Motor Drives[END_REF], where n p is the number of pole pairs.

T e = 3 2 n p (ψ f i q + (L d -L q )i q i d ) (7) 
If L d = L q or i d = 0, the expression ( 7) is simplified by

T e = 3 2 P n ψ f i q (8) 
A mechanical dynamic model between hydraulic turbine and PMSG is expressed by

J dω dt = T e -T m -Bω (9) 
where J is the total inertia; B is the friction factor; T m is the hydraulic driven torque.

Adaptive Perturb and Observe MPPT technique

Perturb and Observe (P&O) MPPT technique does not require the prior knowledge of the system or additional flow rate sensors. Such advantages make it preferable for VS-MHPs because it is not easy to measure flow rates exactly in real-time. The converter and generator losses can change the maximum power point location of the whole hydropower system [START_REF] Iman-Eini | Evaluation of loss effect on optimum operation of variable speed micro-hydropower energy conversion systems[END_REF]. Therefore, when the shaft speed is perturbed, the injected power to the grid is observed (but not the mechanical power of hydraulic turbine) [START_REF] Iman-Eini | Evaluation of loss effect on optimum operation of variable speed micro-hydropower energy conversion systems[END_REF]. The grid power and the speed variations are computed respectively by

∆P g = P g (k) -P g (k -1) ∆ω = ω(k) -ω(k -1) (10) 
The perturbing direction for hydro turbine rotational speed is determined by

δ(t) = sgn(∆P g )sgn(∆ω). If δ(t)
is positive, the speed increases in order to make the system track towards the maximum power point; otherwise, the speed decreases [START_REF] Belhadji | Adaptive MPPT Applied to Variable-Speed Microhydropower Plant[END_REF]. However, the speed tracking dynamics and oscillations appearing in the steady state highly depend on the perturbing coefficient K and the sampling time T e . To address the trade-off issue between steady oscillations and its tracking speed, an adaptive perturbing coefficient K adap is thus employed in [START_REF] Belhadji | Adaptive MPPT Applied to Variable-Speed Microhydropower Plant[END_REF]. The speed reference is updated by

ω * (k) = ω(k) + t k-1 +Te t k-1 K adap δ(t)dt (11) 
Finally, the output of the MPPT provides the optimal speed reference for the speed control loop.

Control of variable speed micro-hydro plant

The power architecture of VS-MHP with its control design is schematically presented in Figure 2. The PMSG is driven by a semi-Kaplan hydraulic turbine, and the full back-to-back PE converters are employed to transfer the hydraulic power as much as possible to the grid. The machine-side converter control consists of two cascaded control loops. Usually, the external speed control loop regulates the turbine shaft to run at an optimal rotational speed [START_REF] Belhadji | Adaptive MPPT Applied to Variable-Speed Microhydropower Plant[END_REF]. As aforementioned, an adaptive MPPT technique is employed to generate the optimal speed reference. The rotational speed is determined by the dynamic function of the hydraulic torque and the machine electromagnetic torque. The machine torque is controlled through the stator current vector control upon a rotating dq synchronous reference frame. PI controllers are applied into the d-axis and q-axis current control loops, respectively. Further, a LADRC-based speed control with torque compensation is employed, it offers a fast dynamic response and high robustness under various disturbed conditions, which will be discussed in Section 3.

The grid-side converter control includes double closed control loops. The outer DC-link voltage loop ensures the stability of DC bus voltage. The inner loop needs to control the current to synchronize with the grid, achieving high quality injected current.

LADRC-based speed control strategy

The dual-loop control design of machine-side converter is presented in Figure 3. A first-order LADRC-based speed controller is introduced to improve the speed tracking performance, thus achieving efficient MPPT operation.

ESO can estimate external disturbances and internal dynamics in real-time. A proportional gain is employed to regulate the rotational speed. Note that the P&O MPPT operation imposes a speed tracking process before it reaches the maximum power point, which behaves like a transient process. The overshoot caused by the set-point input is mitigated, so the transient profile is neglected in this design. Before applying the LADRC paradigm, a key procedure is to reformulate a practical control issue to the canonical mode of cascade integrators as the expression [START_REF] Elghali | High-order sliding mode control of a marine current turbine driven doubly-fed induction generator[END_REF]. A systematic design procedure for a class of ADRC-based control applications is detailed in [START_REF] Guo | A review on ADRC based PMSM control designs[END_REF][START_REF] Gao | Scaling and bandwidth-parameterization based controller tuning[END_REF][START_REF] Han | From PID to active disturbance rejection control[END_REF]], which can be followed for the rotational speed control design.

                                         ẋ1 = x 2 . . . ẋ2 = x 3 ẋn-1 = x n ẋn = bu + f 0 (x 1 , x 2 , • • • , x n ) + f 1 (x 1 , x 2 , • • • , x n , w(t), t) ẋn+1 = h y = x 1 (12) 
where x 1 , x 2 , • • • , x n are the state variables, y is the output, u is the control input, w(t) is the uncertain external disturbance, b is the control gain,

f 0 (x 1 , x 2 , • • • , x n ) represents the known disturbances, x n+1 = f 1 (x 1 , x 2 • • • , x n , w(t), t)
represents the unknown disturbances, which is defined as an extended stated, and

h = ḟ1 (x 1 , x 2 • • • , x n , w(t), t) is
the time derivative of disturbances [START_REF] Han | From PID to active disturbance rejection control[END_REF].
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By simply manipulating expressions ( 8) and ( 9), the dynamic model can be rewritten by

dω dt = 3 2J n p ψ f i * q - T m J - Bω J (13) 
Firstly, it is essential to choose the output y to be controlled and the input u to be manipulated. Based on [START_REF] Li | Output predictor-based active disturbance rejection control for a wind energy conversion system with pmsg[END_REF],

ω is defined as the output y, i * q is chosen as the input u. Then, the order of LADRC-based controller is chosen according to the order of the plant model. A first-order LADRC is hence considered, and a second-order ESO is needed.

Further, a crucial step is how to reformulate the problem by lumping various known, unknown components into the total disturbances. The efficiency of LADRC largely depends on its key element ESO, and the accuracy of ESO is affected by the total disturbances [START_REF] Han | From PID to active disturbance rejection control[END_REF]. Expression [START_REF] Li | Output predictor-based active disturbance rejection control for a wind energy conversion system with pmsg[END_REF] indicates that speed variations and hydraulic torque fluctuations are the main external disturbances for the speed control loop. To mitigate the effects of large speed changes, -B ω/J is easy to be computed as the known disturbances, where ω can be estimated by ESO. In fact, the hydraulic torque fluctuations are the main external disturbances. The hydraulic torque information is needed to mitigate the effects of torque variations. While a physical torque sensor is expensive, an on-line torque identification approach based on the mechanical dynamic equation ( 9) is thus employed, which is detailed in the following part.

Now, let y = x 1 = ω, u = i * q , b 0 = 3 2J n p ψ f , x 2 = d total
is defined as an extended state variable, the time derivative of disturbances is given by ẋ2 = h. The speed control problem is formulated to a first-order standard model by [START_REF] Guo | A review on ADRC based PMSM control designs[END_REF], having the same form to [START_REF] Elghali | High-order sliding mode control of a marine current turbine driven doubly-fed induction generator[END_REF].

           ẋ1 = b 0 u + +f 0 (ω, Tm ) + d total ẋ2 = h y = x 1 (14) 
where d total can be represented by [START_REF] Tong | Research on PMSM active disturbance rejection controller based on model compensation[END_REF]. It implies that, if Tm is well observed by the torque observer, the total disturbances estimated by ESO are very small.

d total (t) = (b -b 0 )i * q -( T m J + Bω J ) + ( Tm J + B ω J ) + w(t) (15) 

Extended State Observer

Based on the canonical model ( 14), a second-order ESO is constructed as follows:

   ż1 = -β 1 (z 1 -ω) + b 0 i * q + z 2 + f 0 (ω, Tm ) ż2 = -β 2 (z 1 -ω) (16) 
where z 1 , z 2 are the estimations of the output ω and the unknown disturbances d total , respectively; the positive gains β 1 = 2ω 0 and β 2 = ω 2 0 are chosen such that characteristic polynomial ( 17) is Hurwitz stable , and ω 0 represents the bandwidth of ESO [START_REF] Gao | Scaling and bandwidth-parameterization based controller tuning[END_REF].

λ(s) = s 2 + β 1 s + β 1 2 = (s + ω 0 ) 2 (17) 

Control law design

The estimated disturbances z 2 and the known disturbances f 0 (ω, Tm ) are both compensated in the feedback control channel, the feedback control law is represented by

i * q = k p (ω * -z 1 ) -[z 2 + f 0 (ω, Tm )] b 0 ( 18 
)
where k p is the proportional gain of controller.

Within the ESO's bandwidth, the unknown disturbance is well estimated (z 2 ≈ d total ), the original disturbed plant model G p (s) is modified to be an integrator as follows [START_REF] Tatsumi | On the enhanced ADRC design with a low observer bandwidth[END_REF]:

Ĝp (s) = y(s) u 0 (s) ≈ 1 s (19) 
Thus, a zero steady-state error for the speed can be achieved by employing a proportional controller. The closed-loop transfer function of the speed control loop is approximately represented by [START_REF] Iman-Eini | Evaluation of loss effect on optimum operation of variable speed micro-hydropower energy conversion systems[END_REF] where the closed-loop bandwidth of controller ω c ≈ k p .

H c (s) ≈ k p 1 s 1 + k p 1 s = 1 1 + s kp

Parameter tuning

Being different from a PI-type controller, LADRC-based controller is a Two-Degree-Of-Freedom (2DOF) controller, ω c and ω 0 can be adjusted independently [START_REF] Miklosovic | A robust two-degree-of-freedom control design technique and its practical application[END_REF]. Theoretically, the bigger the bandwidth, the faster the disturbance is observed and rejected by the controller [START_REF] Gao | Scaling and bandwidth-parameterization based controller tuning[END_REF]. However, in a real application into a VS-MHP, the bandwidth is limited by sensor noises and practical considerations. An optimal bandwidth can be tuned under a real physical experimental benchmark, where the performance is maximized subject to its physical constraints [START_REF] Sun | A DSP-based active disturbance rejection control design for a 1-kW H-bridge DC-DC power converter[END_REF].

The tuning process is as follows:

-Firstly, ω c and ω 0 are designed to ensure the stability of the control system, and tested under the software environment. Generally, ω c is chosen to ensure the fast enough transient response, such as the setting time requirements [START_REF] Gao | Scaling and bandwidth-parameterization based controller tuning[END_REF]. The bandwidth ω 0 is normally set to be 5-10 times of the controller's bandwidth ω c ; -Then, the control parameters are retuned and validated under the real-time physical experiments. The tests start with small values that can meet the basic performance requirements; -Further, both of them are incrementally increased until the control signal exceeds the noise tolerance of the q-axis current reference; -Finally, ω c and ω 0 are increased or decreased individually to find a best speed tracking performance.

In addition, PI-controller with the same bandwidth is designed to provide an equal comparison with the LADRCbased speed control. Details about adaptive MPPT design and PI-controller design can refer the work in [START_REF] Belhadji | Adaptive MPPT Applied to Variable-Speed Microhydropower Plant[END_REF][START_REF] Belhadji | Modeling and control of variable-speed micro-hydropower plant based on Axialflow turbine and permanent magnet synchronous generator (MHPP-PMSG)[END_REF].

Well-tuned control parameters are given in Table 1.

Hydraulic torque observer

The previous discussion in Section 3 suggests that the hydraulic torque information is essentially needed for an efficient LADRC-based speed controller, thus an on-line torque observer is employed in this design. By taking use of the information of i q and ω, the torque can be identified based on the following expression:

T m = K e i q -Bω -J ω (21)
To attenuate the negative effects from measurements noises, a low pass filter 1 T0s+1 is applied to the output side, then Laplace transformation is conducted to obtain the transfer function as follows:

Tm (s) = [K e i q (s) -Bω(s) -Jsω(s)] 1 T 0 s + 1 (22)
The expression ( 22) can be manipulated as follows:

Tm (s) = K e i q (s) -Bω(s) + J T0 ω(s) -Jsω(s) -J T0 ω(s) T 0 s + 1 = K e i q (s) -B ω(s) T 0 s + 1 - J T 0 ω(s) = ω 1 (s) - J T 0 ω(s) (23) 
where

B = B -J T0 , ω 1 (s) = Keiq(s)-B ω(s) T0s+1
.

An inverse Laplace transformation is applied to get the time domain representation [START_REF] Belhadji | Modeling and control of variable-speed micro-hydropower plant based on Axialflow turbine and permanent magnet synchronous generator (MHPP-PMSG)[END_REF]. The complete observer design diagram is schematically illustrated in Figure 4. Finally, the control design of the machine-side converter is presented in Figure 5. This paper is dedicated to the machine-side speed control, so the control diagram of grid-side converter is not described here. 

Tm = ω 1 - J T 0 ω (24) 0 1 T ' B 1 s 0 J T q i ˆm T  1   e K 1  0 1 T

Experimental validation

The experiments have been performed inside the real-time power HIL platform [START_REF] Gaztanaga | Real-Time Analysis of the Control Structure and Management Functions of a Hybrid Microgrid System[END_REF][START_REF] Munteanu | Hardware-in-the-loop-based simulator for a class of variable-speed wind energy conversion systems: Design and performance assessment[END_REF], which has been adapted for variable speed hydraulic tests as shown in Figure 6. Due to high costs and uncertain testing conditions of a real physical micro-hydro plant, a reduced-scale physical hydraulic simulator is developed in the laboratory. The hydro turbine model is implemented in the dSPACE hardware (DS1005), and its efficiency and water flow rates 

Torque observer validation

Firstly, experiments are carried out to verify the effectiveness of the torque identification approach. Different types of torque disturbances are considered. In Figure 7 (a), the torque tracking performance of the starting process is presented. In Figure 7 (b), a step-up torque of 3N.m is first added and then it steps back to the original value. 

T d (t) = D 3 H n (t) T11 (N (t), H n (t), γ(t)) (25a) 
Q(t) = D 2 H n (t) Q11 (N (t), H n (t), γ(t)) (25b) 
H n (t) = C h x h (t) (25c) 
x h (t + τ ) = A h x h (t) + B h Q(t) (25d) 
γ(t) = C a x a (t) (25e) x a (t + τ ) = A a x a (t) + B a γ c (t) (25f) 
N (t + τ ) = N (t) + 30τ πJ t T d (t) (25g) 
where the different parameters of the model given by equations (25a)-(25g) are defined in Table 2. 7 show that the torque observer is efficient to observe torque dynamics of the starting process, variations of step-up or step-down torque, and the cycle oscillated torque.

Variable speed control validation

To verify the speed tracking performance of LADRC-based controller, comparative experiments between strategies with torque compensation and without torque compensation have been conducted. To start the VS-MHP smoothly, a soft starting process is employed as shown in Figure 8. Firstly, a small initial torque is used to overcome the friction torque, the speed increases slowly; Then, the controller starts working under speed controlled mode in a no-load state; Finally, the MPPT mode is enabled and the rotational speed adapts to water flow rate variations. The results suggest that the overshoot of rotational speed is reduced with torque compensation, the total disturbances estimated z 2 is nearly zero, raising advantages when the torque is varying sharply. 

Internal uncertainties test

The total inertia of VS-MHP can be expressed by J = J P M SG + J hdy , J P M SG is the inertia of the PMSG, and J hdy is the inertia of the hydraulic turbine. These two inertia values would vary when hydraulic conditions change [START_REF] Li | Adaptive speed control for permanent-magnet synchronous motor system with variations of load inertia[END_REF]. Suppose that the knowledge of system inertia is not precise, the controller is designed with different inertia values, but tested in the same benchmark. Figure 11 shows the speed tracking responses under different inertia values. It is expected that the increased inertia degrades the speed tracking performance, however, even the inertia value is increased to be 4 times of the normal value, the speed tracking process is stable and still under the toleration. The proposed LADRC-based speed control achieves high robustness in the presence of inertia variations. 

Conclusions

In this paper, a VS-MHP of semi-Kaplan turbine coupled to a PMSG is studied. The hydropower generation system is connected to the power grids via back-to-back full PE converters. A VS-MHP is a classical nonlinear system disturbed by large uncertainties. ADRC-based controllers can estimate and compensate the influences of internal and external disturbances in real-time, which achieves high robustness and fast control dynamics. Thus, a LADRC-based speed controller is designed to improve the speed tracking performance, enabling efficient MPPT operation. To mitigate the negative effects caused by hydraulic torque variations, a torque observer is incorporated into the speed-control loop.

Different operation schemes are experimentally validated under a real-time power HIL benchmark. Some conclusions can be indicated: Firstly, the on-line torque observer can efficiently observe various torque disturbances such as torque dynamics of the starting process, step variations, and cycle oscillated torques. Further, the rotational speed can fastly track the speed reference during the starting process and the MPPT mode as well. The speed overshoot is reduced by compensating the hydraulic torque, particularly at the point when water flow rates vary.

Robustness tests are carried out considering external disturbances and internal dynamics as well. Compared with PI-controllers, the proposed LADRC-based speed controller achieves higher robustness and faster dynamics in the presence of various torque disturbances and system inertia variations. Further, the disturbance rejection ability of speed control is improved by introducing the torque observer. Experimental results prove its advantages for VS-MHP applications.
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 21 Mathematical model of hydraulic turbine

Figure 1 :

 1 Figure 1: Variable speed Semi-kaplan turbine model, with fixed head of H = 1m, R = 0.25m

Figure 2 :

 2 Figure2: Power architecture of VS-MHP and its global control design, where i (abc) represents the components of the machine current vector, Tm is the estimated hydraulic torque, V dc is the DC-link voltage, i g(abc) represents the components of the grid current vector, v g(abc) represents the components of the grid voltage vector, Lg and Rg are the inductance and resistance of the grid filter, respectively.

Figure 3 :

 3 Figure 3: Dual-loop control design of machine-side converter, Ke = 3 2 npψ f the torque constant, n the measurement noises

Figure 4 :

 4 Figure 4: Schematic of the hydraulic torque observer

  135

Figure 5 :

 5 Figure 5: Control design of machine-side converter, where θe is the electrical angle phase, v * a , v * b , v * c are the machine voltages references, Sa, S b , Sc are the switching signals, SVPWM: Space Vector Pulse Width Modulation.

Figure 6 :

 6 Figure 6: Real-time HIL-based VS-MHP experimental benchmark

Table 1 : 5 ,

 15 Parameters of the experiment benchmark Parameters of experimental benchmark Kmax = 2, Te = 0.1s kp = 2.5, ki = 333 ωc = 30, ω0 = 150

Figure 7 :

 7 Figure 7: Torque observer performance under different types of hydraulic torque, T * m is the emulated torque reference

Figure 8 :Figure 9

 89 Figure 8: Starting process of the VS-MHP, with ω the rotational speed (20rad/s/div), z 1 the estimation of the rotational speed (20rad/s/div), z 2 the estimation of total unknown disturbances (100/div)

Figure 9 :

 9 Figure 9: MPPT performance when water flow rates vary, with ω the rotational speed (20rad/s/div), z 1 the estimation of rotational speed (20rad/s/div), z 2 the estimation of total unknown disturbances (100/div)

4. 3 . 1 .Figure 10 :

 3110 Figure 10: Robustness of speed control under torque disturbances: (a) Step-up torque disturbance, (b) Step-down torque disturbance, (c) Oscillated torque disturbance, with ωerr = ω -ω *

Figure 11 :

 11 Figure 11: Performance comparisons under different inertia values

Table 2 :

 2 The definitions of the hydraulic dynamic variables Water flow rate at the side of the turbine m 3 /s A h , B h , C h Parameters of the penstocks model Q11 Regression model of the flow rate Hill charts A a , B a , C a Parameters of the actuator model Experimental results in Figure

	T d	Oscillated hydraulic torque (N.m)	x h	Internal states of the penstocks
	D	Turbine's diameter (m)	x a	Actuator's internal states
	H n	Net pressure head (m)	γ	Turbine's guide vanes opening (ratio)
	T11 Regression model of the torque Hill charts	γ c	Guide vanes angle set-point (ratio)
	N	Turbine's rotational speed (rpm)	J t	Turbine's moment of inertia (Kg.m 2 )
	Q			

n p ψ f is the torque constant.
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Further, torque oscillations happen due to pressure head oscillations, a cycle oscillated torque is added to the basis torque as shown in Figure 7 (c). The numerical model of oscillated torque is described in the following part.

The torque oscillations result from the water dynamics inside the penstocks and the actuator's dynamics [START_REF] Mesnage | Modélisation et contrôle avancé pour les centrales de turbinage de moyenne et haute chute[END_REF].

The numerical model of torque oscillations is given by equations (25a)-(25g) [START_REF] Mesnage | Modélisation et contrôle avancé pour les centrales de turbinage de moyenne et haute chute[END_REF]. The mathematical models of the water dynamics inside the penstocks are given by equations (25c)-(25d). The dynamic actuator considered