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Abstract— DC Microgrid is a new candidate for Multi-Purpose 

Platforms (MPP) which highly supported by the international 
community for sustainably exploiting our oceans. Considering 

DC-systems for the MPP requires all renewable energy sources to 

be interfaced to a DC-bus. Wind turbines as proven developed 

energy for offshore use is a crucial energy source for MPP. 
Normally, a wind turbine in a DC-environment uses a diode 

rectifier for interfacing to the grid and a DC-DC boost or buck 

converter for extracting maximum power. Previous studies 

included wind turbine in a DC-microgrid did not analyze the 

turbine stability with wind variations. Moreover, tidal turbines, as 
an immature technology, are rarely considered in such DC-

systems.  So, this paper provides a modelling and stability analysis 

for a wind/tidal turbines based Permanent Magnet Synchronous 

Generator (PMSG). A linearized small-signal model is derived for 

a wind/tidal turbines based PMSG and boost converter. Two 
control loops are used for speed and current control . Stability 

analysis shows that the controller can effectively keep the system 

stable under wind/tidal speed variations. S imulation analysis is 

carried out to shows the effectiveness of the controller at various 

speeds considering tidal and wind turbines. 

 
Index Terms—Boost converter, wind turbine, DC microgrid, 

tidal turbine, modelling, stability analysis, MPPT  

I.  INTRODUCTION 

HE international efforts to exploit oceans sustainably are 

supported by two big European funded projects, the Ocean 

of Tomorrow and Horizon 2020. There are many configurations 

and structures of marine energy units which are exploited at 

Multi-Purpose Platforms (MPP) [1]. Presenting energy unit 

based DC-system is a new candidate which never been studied 

for such platforms. This requires all Renewable Energy Sources 

(RES) to be interfaced to the DC-bus via DC-DC converters 

which already presented in previous studies. 

Study [2] proposed a two-loop control scheme to maintain the 

DC voltage fixed within a DC microgrid. One of the 

components of this microgrid is a wind turbine which is 

controlled using a DC-DC boost converter for MPPT. Zammit  

et. al. [3] presented an MPPT strategy for a small wind turbine 

based on the DC-link power and voltage without the need for 

wind or speed measurements. The turbine is connected to the 

DC bus via a diode rectifier and a boost converter. Boost 

converter inductor current is controlled to maintain the DC-link 

fixed according to the maximum power available. Study [4] 

proposed a supervisory controller with adaptive droop control 

to control an autonomous DC microgrid, which includes several 

distributed generators (wind and solar PV) with a pair of 

batteries. The full-scale wind turbine is controlled for MPPT 

using a buck converter. Study [5] proposed a coordinated 

control strategy based on bus signaling method to avoid 

overcharging and discharging of the battery system in a LVDC 

islanded microgrid. RES are considered with a DC-DC 

converter for three operation modes: MPPT mode at SOC lower 

than its maximum level, voltage support mode at maximu m 

SOC and idle mode at maximum SOC and lower load demand 

required. Study [6] proposed a voltage droop control strategy 

based power-sharing and coordination strategy among slack 

terminals (grid and energy storage system) for grid-connected 

and autonomous modes. A wind turbine included in this 

microgrid is interfaced to the DC bus via diode rectifier and 

DC-DC converter. Similarly, studies [7-10] interfaced the wind  

turbine to a DC microgrid via rectification stage and DC-DC 

converters. None of the above-mentioned studies analyzed the 

DC turbine stability with wind speed variations. So, this paper 

presents a modelling and stability analysis of a DC wind/tidal 

turbines based PMSG considering the common system structure 

in those studies. Only one operation mode is considered for the 

turbine under this paper which is  MPPT mode. In other words, 

pitch control is not considered neither voltage support mode 

because the main focus of this study is to analyze the turbine 

stability with wind speed variation which is not cons idered in 

any of the previously-mentioned studies. 

The rest of the paper is organized as follow: system 

configuration introduced in section II, the mathematical model 

of a wind/tidal turbine with PMSG and boost converter is 

derived in section III. Then, stability analysis of the transfer 

function between wind speed and boost converter inductor 

current and the system simulation are explored in sections IV 

and V, respectively. The paper is concluded in section VI.   

II.  SYSTEM CONFIGURATION 

DC wind or tidal turbines could be an elements of a DC 

microgrid such as the one shown in Fig. 1. The turbines are 

connected to the DC bus via diode rectifier and boost converter 

for extracting the maximum power. 
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III.  MODELLING OF WIND/ TIDAL TURBINE WITH MPPT 

CONTROLLER 

As illustrated in Fig. 1, each wind or tidal turbine is connected 

to a Permeant Magnet Synchronous Generator (PMSG), Diode 

Bridge and DC/DC boost converter. Due to its widespread 

acceptance in wind turbines applications and its fast progress, 

(PMSG) is considered under this study to be connected to the 

wind and tidal turbines [11]. Boost converter is used to extract  

the maximum power from the wind turbine via two control 

loops. The first loop tracks the optimal generator speed using 

Proportional Integral (PI) which provides a reference for 

inductor current of the second current loop. The second loop, 

also, uses PI to control the inductor current which leads to 

controlling the speed of the generator to operate at the optimal 

speeds. Fig. 2 shows the block diagram for speed control of 

PMSG connected to wind/tidal turbine. The following model 

applies to wind/tidal turbine as similar configuration is 

considered for both of them under this study. 

 

 
Fig. 2 Block diagram of speed control of PMSG connected to a wind/Tidal 

turbine  

The mechanical output power of a wind turbine 𝑃𝑊𝑚 can be 

estimated by (1) 

 

 𝑃𝑊𝑚 = 0.5𝜌𝑤𝐴𝑤𝐶𝑝
𝑤(𝜆𝑤, 𝛽𝑤)𝑣𝑤

3  

where 

𝐶𝑝
𝑤 = 0.5176 (

116

𝜆𝑖

− 0.4𝛽𝑤 − 5) 𝑒𝑥𝑝
−21

𝜆𝑖 + 0.0068𝜆𝑤 

where  

𝜆𝑖 = 1/ [
1

𝜆𝑤 + 0.08𝛽𝑤 −
0.035

𝛽𝑤3 + 1
] 

(1) 

 

Where 𝜌 𝑤, 𝐴𝑤, 𝐶𝑝
𝑤, 𝛽𝑤, 𝑣𝑤 are the air density, rotor swept area, 

power coefficient, pitch angle and wind speed, respectively. 𝜆𝑤 

is the tip speed ratio (𝜆𝑤 = 𝑅𝑤𝜔𝑚
𝑤/𝑣𝑤) where 𝑅𝑤 is the rotor 

radius. 

The mechanical model of the wind turbine considering single 

mass modelling is  

 

 𝑇𝑚
𝑤 = 𝐽𝑚

𝑤 𝑑𝜔𝑚
𝑤

𝑑𝑡
+ 𝐵𝑚

𝑤𝜔𝑚
𝑤 + 𝑇𝑒

𝑤 (2) 

 

Where 𝑇𝑚
𝑤 and 𝑇𝑒

𝑤 are the mechanical and the electromagnetic 

torques (N.m). 𝐽𝑚
𝑤 and 𝐵𝑚

𝑤 are the shaft inertia (kg.m2) and 

viscous friction (N.m.s). 𝜔𝑚
𝑤 is the rotor mechanical speed (rad/s) 

where (𝜔𝑟
𝑤 = 𝜔𝑚

𝑤 𝑃𝑝
𝑤).  𝑃𝑝

𝑤 is the number of pole pairs. 

The relation between the mechanical output power of the 

turbine in (1) and the mechanical model in (2) is built by 

inserting 𝑃𝑊𝑚 = 𝑇𝑚
𝑤𝜔𝑚

𝑤 = 𝑇𝑚
𝑤(

𝜆𝑤𝑣𝑤

𝑅𝑤 ) into (1). Then the 

mechanical torque can be expressed as a function of wind speed 

as follow 

 𝑇𝑚
𝑤 = (0.5𝜌𝑤𝐴𝑤 𝐶𝑝

𝑤(𝜆𝑤, 𝛽𝑤)𝑣𝑤
2 𝑅𝑤)/𝜆𝑤   (3) 

Study [12] presented a detailed mathematical derivation for a 

PMSG model. Stator voltage of PMSG in a dq frame is   

 

  𝑣𝑑𝑠
𝑤 = 𝑅𝑠

𝑤𝑖𝑑𝑠
𝑤 − 𝜔𝑟

𝑤𝐿𝑞𝑠
𝑤 𝑖𝑞𝑠

𝑤 + 𝐿𝑑𝑠
𝑤 (𝑑𝑖𝑑𝑠

𝑤 /𝑑𝑡) 

𝑣𝑞𝑠
𝑤 = 𝜔𝑟

𝑤𝐿𝑑𝑠
𝑤 𝑖𝑑𝑠

𝑤 + 𝑅𝑠
𝑤𝑖𝑞𝑠

𝑤 + 𝐿𝑞𝑠
𝑤 (𝑑𝑖𝑞𝑠

𝑤 /𝑑𝑡) + 𝜔𝑟
𝑤ѱ𝑟

𝑤 
(4) 

 

Where 𝑣𝑑𝑠
𝑤  , 𝑣𝑞𝑠

𝑤  are the stator voltages (V), 𝑖𝑑𝑠
𝑤  , 𝑖𝑞𝑠

𝑤  are the stator 

currents of PMSG in dq frame (A). 𝑅𝑠
𝑤 is the stator winding 

resistance (Ω). ѱ𝑟
𝑤 is the maximum flux linkage created by the 

permanent magnets (Wb). 𝜔𝑟
𝑤 is the rotor electrical speed 

(rad/s). The generator electromagnetic torque equals 

 

  𝑇𝑒
𝑤 = (3𝑃𝑝/2)[ѱ𝑟

𝑤𝑖𝑞𝑠
𝑤 + (𝐿𝑑𝑠

𝑤 − 𝐿𝑞𝑠
𝑤 )𝑖𝑞𝑠

𝑤 𝑖𝑑𝑠
𝑤 ] (5) 

 

The large signal model of a DC/DC boost converter can be 

represented, in general, as follow 

 

 𝐿 (𝑑𝑖𝑙/𝑑𝑡) = 𝑑(𝑡)𝑣𝑔(𝑡) + [1 − 𝑑(𝑡)]{𝑣𝑔(𝑡) − 𝑣(𝑡)} 

 
𝐶 (𝑑𝑣𝑐/𝑑𝑡) = [1 − 𝑑(𝑡)]𝑖𝑙(𝑡) − 𝑣(𝑡)/𝑅𝐿 

(6) 

 

where 𝐿 and 𝐶 are the boost converter inductance and 

capacitance, respectively. 𝑣𝑔(𝑡) and 𝑣(𝑡) are the boost converter 

input and output voltages, respectively. 𝑑(𝑡) is the duty cycle 

and 𝑅𝐿 is the load resistance. 𝑖𝑙 is the inductor current while 𝑣𝑐 

is the capacitor voltage. It is worth mention that the boost 

converter parameters (𝐿, , 𝑣𝑔 , 𝑣, 𝑑 and 𝑖𝑙)  will take different 

symbols for various boost converters used with wind, tidal, 

solar and battery systems.   

Equations (1) to (6) represents a nonlinear large signal model 

of wind turbine, PMSG and DC/DC boost converter. Applying 

linear control techniques such as PI requires a linear system. So 

this large signal model can be linearized using Taylor expansion 

to obtain a linearized small signal model. It is worth mention  

that all variables in small signal model will be denoted by ( ̂ ) 

and initial values are denoted by ( 0) . Equation (3) shows that 

the turbine torque 𝑇𝑚
𝑤 is a function of the wind speed 𝑣𝑤, turbine 

speed 𝜔𝑚
𝑤 and the pitch angle 𝛽𝑤.  Replacing 𝐶𝑝

𝑤in (3) with its 

value in (1), then taking partial derivative for (3) with respect 

to 𝜔𝑚
𝑤, 𝑣𝑤 and 𝛽𝑤 with applying Taylor expansion, one can get 

the linearized small  signal model of (3) as follow 

 

 𝑇̂𝑚
𝑤 = 𝐾𝑡𝑣

𝑤𝑣𝑚
𝑤 + 𝐾𝑡𝜔

𝑤 𝜔𝑚
𝑤 + 𝐾𝑡𝛽

𝑤 𝛽̂ 𝑤 (7) 

Eq. (3)

vm Eq. (2)  

Eq.(4) & (5)

Tm
ωm

MPPT 

Algorithm 

+

-

ωref

PI

iLref

PI Eq. (9)

 

iL

-

+

 
Fig. 1 Part of a DC microgrid (grid connected or islanded) includes 

wind turbine, t idal turbine, solar array and energy storage.  
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where  

𝐾𝑡𝑣
𝑤 =

𝜕𝑇𝑚
𝑤

𝜕 𝑣𝑤
]

𝑣𝑤0′𝜔𝑚0
𝑤 ′𝛽0

𝑤
,      𝐾𝑡𝜔

𝑤 =
𝜕𝑇𝑚

𝑤

𝜕𝜔𝑚
𝑤]

𝑣𝑤0′𝜔𝑚0
𝑤 ′𝛽0

𝑤
,   

𝐾𝑡𝛽
𝑤 = −

𝜕𝑇𝑚
𝑤

𝜕𝛽𝑤
]

𝑣𝑤0′𝜔𝑚0
𝑤 ′𝛽0

𝑤

 

 

The gains  (𝐾𝑡𝑣
𝑤, 𝐾𝑡𝜔

𝑤  and 𝐾𝑡𝛽
𝑤 ) are varying with changing the 

system operating point. However, as the turbine speed cannot 

be changed rapidly; hence the effect due to the turbine speed 

variation on the turbine torque is ignored, i.e. 𝐾𝑡𝜔
𝑤 = 0. Also, 

the pitch control is not used for MPPT; hence the term 𝐾𝑡𝛽
𝑤 𝛽̂ 𝑤 in  

(8) should be ignored [13]. By replacing 𝑇𝑚
𝑤 in (2) with (7), the 

linearized small signal model of a wind turbine is given.   
 

 
𝜔𝑚

𝑤 =
𝐾𝑡𝑣

𝑤𝑣𝑚
𝑤 − 𝐾𝑡𝛽

𝑤 𝛽̂ 𝑤 − 𝑇̂𝑒
𝑤

𝐽𝑚
𝑤𝑠 + 𝐵𝑚

𝑤  (8) 

 

Similarly, applying Taylor expansion for the nonlinear large 

signal model of the PMSG (4), one can get the linearized small 

signal as follow     
 

 𝑖̂𝑑𝑠

𝑤
=  (𝑣𝑑𝑠

𝑤 + 𝐾𝜔𝑑
𝑤 𝜔𝑚

𝑤 + 𝐾𝑖𝑞𝑑
𝑤 𝑖̂𝑞𝑠

𝑤
) /(𝐿𝑑𝑠

𝑤 𝑠 + 𝑅𝑠
𝑤) 

𝑖̂𝑞𝑠

𝑤
=  (𝑣𝑞𝑠

𝑤 − 𝐾𝜔𝑞
𝑤 𝜔𝑚

𝑤 − 𝐾𝑖𝑑𝑞
𝑤 𝑖̂𝑑𝑠

𝑤
) /(𝐿𝑞𝑠

𝑤 𝑠 + 𝑅𝑠
𝑤) 

(9) 

where 

𝐾𝜔𝑑
𝑤 = 𝑃𝑝

𝑤𝐿𝑞𝑠
𝑤 𝑖𝑞𝑠0

𝑤 , 𝐾𝜔𝑞
𝑤 = 𝑃𝑝

𝑤𝐿𝑑𝑠
𝑤 𝑖𝑑𝑠0

𝑤 + 𝑃𝑝
𝑤ѱ𝑟

𝑤, 𝐾𝑖𝑞𝑑
𝑤 = 𝑃𝑝

𝑤𝐿𝑞𝑠
𝑤 𝜔𝑚0

𝑤  

and  𝐾𝑖𝑑𝑞
𝑤 = 𝑃𝑝

𝑤𝐿𝑑𝑠
𝑤 𝜔𝑚0

𝑤  .      

 

The electromagnetic torque in (5) can be linearized using 

Taylor expansion as follow 
 

 𝑇̂𝑒
𝑤 = 𝐾𝑡𝑖𝑞𝑠

𝑤 𝑖̂𝑞𝑠

𝑤
+ 𝐾𝑡𝑖𝑑𝑠

𝑤 𝑖̂𝑑𝑠

𝑤
 (10) 

where  

𝐾𝑡𝑖𝑞𝑠
𝑤 = 1.5𝑃𝑝

𝑤[ѱ𝑟
𝑤 + (𝐿𝑑𝑠

𝑤 − 𝐿𝑞𝑠
𝑤 )𝑖𝑑𝑠0

𝑤 ]  

𝐾𝑡𝑖𝑑𝑠
𝑤 = 1.5𝑃𝑝

𝑤(𝐿𝑑𝑠
𝑤 − 𝐿𝑞𝑠

𝑤 )𝑖𝑞𝑠0
𝑤  

 

As per Fig. 2, MPPT control requires manipulating the inductor 

current of boost converter to get the generator working at the 

optimal speed. This can be achieved by changing the duty cycle 

of the boost converter as a control input with a feedback from 

the inductor current of the converter as shown in Fig. 3 of the 

linearized small signal model of a current programmed DC/DC 

converter. Fig. 3 shown that the inductor current and the output 

voltage of the boost converter depends on the duty cycle and 

the input voltage as per these equations  

 

 𝑣𝑜(𝑠) = 𝐺𝑣𝑜𝑑
𝑤 (𝑠)𝑑̂𝑤(𝑠) + 𝐺𝑣𝑜𝑔

𝑤 (𝑠)𝑣𝑔
𝑤(𝑠) 

𝑖̂𝑙
𝑤(𝑠) = 𝐺𝑖𝑙𝑑

𝑤 (𝑠)𝑑̂𝑤(𝑠) + 𝐺𝑖𝑙𝑔
𝑤 (𝑠)𝑣𝑔

𝑤(𝑠) (11) 

 

Where 𝑣𝑜 is the voltage of the local DC-bus, 𝑣𝑔
𝑤 is the input 

voltage of the boost converter connected to the wind turbine, 𝑖̂𝑙
𝑤 

and 𝑑̂𝑤 are the inductor current and the duty cycle of the same 

boost converter. The transfer functions of this converter are 

given as follow [14]  

 

 

 
Fig. 3. A current programmed boost converter model 

 
𝐺𝑣𝑜𝑑

𝑤 =
𝑣𝑜(𝑠)

𝑑̂𝑤(𝑠)
= 𝐺𝑑𝑜

𝑤
(1 −

𝑠
𝜔𝑧

𝑤)

𝑑𝑒𝑛 𝑤(𝑠)
  

 

𝐺𝑣𝑜𝑔
𝑤 =

𝑣𝑜(𝑠)

𝑣𝑔
𝑤(𝑠)

= 𝐺𝑔𝑜
𝑤 1

𝑑𝑒𝑛𝑤(𝑠)
 

𝐺𝑖𝑙𝑑
𝑤 =

𝑖̂𝑙
𝑤(𝑠)

𝑑̂𝑤(𝑠)
= (

2𝑉𝑜

𝐷̀𝑤
2
𝑅𝐿

𝑤
)

[1 + 𝑠0.5𝑅𝐿
𝑤𝐶𝑤

]

𝑑𝑒𝑛𝑤(𝑠)
 

 

𝐺𝑖𝑙𝑔
𝑤 =

𝑖̂𝑙
𝑤(𝑠)

𝑣𝑔
𝑤 = (

1

𝐷̀𝑤
2
𝑅𝐿

𝑤
)

[1 + 𝑠𝑅𝐿
𝑤𝐶𝑤]

𝑑𝑒𝑛 𝑤(𝑠)
 

 

(12) 

Where 𝑑𝑒𝑛 𝑤(𝑠) = (1 +
𝑠

𝑄𝑤𝜔𝑜
𝑤 + (

𝑠

𝜔𝑜
𝑤)

2
) , 𝐺𝑑𝑜

𝑤 =
𝑉𝑜

(𝐷̀𝑤)
, 𝜔𝑧

𝑤 =
𝐷̀𝑤

2
𝑅𝐿

𝑤

𝐿𝑤
, 

𝜔𝑜
𝑤 =

𝐷̀𝑤

√𝐿𝑤𝐶𝑤
 ,  𝑄𝑤 = 𝐷̀𝑤𝑅𝐿

𝑤√
𝐶𝑤

𝐿𝑤
 , 𝐺𝑔𝑜

𝑤 =
1

𝐷̀𝑤
  and 𝐷̀𝑤 = (1 − 𝐷𝑤). 

𝑉𝑜, 𝐷𝑤, 𝐿𝑤 and 𝐶𝑤 are steady state values of the local bus voltage, 

duty cycle and the inductance and capacitance of the boost 

converter connected to a wind turbine, respectively.  

Equations (7) to (12) represents the mathematical linearized  

small signal model of wind turbine, PMSG and boost converter 

as the block diagram of Fig. 4a shows. 

 

 
Fig. 4 (a) Small signal block diagram of wind turbine, PMSG and boost 

converter with speed control, (b) simplified block diagram 

 𝐺𝑠
𝑤 = 𝑘𝑠

𝑤 (1 +
1

𝑠

1

𝑇𝑠
𝑤)  

and 

𝐺𝑐
𝑤 = 𝑘𝑐

𝑤 (1 +
1

𝑠

1

𝑇𝑐
𝑤) 

(13) 

 

+

-

𝒊̂𝒓𝒆𝒇
𝒘  

𝑮𝒄
𝒘 𝑮𝒗𝒐𝒅

𝒘  

𝑮𝒊𝒍𝒅
𝒘  

𝑮𝒗𝒐𝒈
𝒘  

𝑮𝒊𝒍𝒈
𝒘  

 

 

𝒗̂𝒈
𝒘 

𝒗̂𝒐 

𝒊̂𝒍
𝒘 

+

+

+
+

𝒅̂𝒘 

+

-

𝒗̂𝒎 

𝜷̂ 

𝑻̂𝒎 𝟏

𝑱𝒎𝒔 + 𝑩𝒎
 

𝑻̂𝒆 
+ - 𝝎

𝒎
 

𝑲𝒕𝒗 

𝑲𝒕𝜷 

𝑲𝝎𝒅 

𝑲𝝎𝒒 
𝟏

𝑳𝒒𝒔𝒔 + 𝑹𝒔

 

𝑲𝒕𝒊𝒒𝒔 

𝑲𝒕𝒊𝒅𝒔 

𝑲𝒊𝒅𝒒 

𝒗̂𝒅𝒔 

𝒗̂𝒒𝒔 

𝒊̂𝒅𝒔 

𝒊̂𝒒𝒔 

+

+

+

+
+

+

-
-

+
Eq. (11)

 
-+

-
MPPT 

Algorithm 

ωref

𝟏

𝑳𝒅𝒔𝒔 + 𝑹𝒔

 

𝑲𝒊𝒒𝒅 

Generalized linearized 

model of PMSG

𝒊̂ 
𝑮𝒔

𝒘 𝑮𝒄
𝒘 

𝒊̂𝒓𝒆𝒇
𝒘  

𝒊̂𝒓𝒆𝒇
𝒘

𝒗̂𝒎
 

𝒗̂𝒎 𝒊̂𝒓𝒆𝒇
𝒘  𝒗̂𝒐 

(a)

(b)

𝒗̂𝒐(𝒔)

𝒊̂𝒓𝒆𝒇
𝒘  



 4 

 Fig. 4a illustrates two PI controllers with transfer functions 𝐺𝑠
𝑤 

and 𝐺𝑐
𝑤 for speed and current regulation, respectively. 𝑘𝑠

𝑤 and 

𝑘𝑐
𝑤 are the proportional gains while 𝑇𝑠

𝑤 and 𝑇𝑐
𝑤 are the integral 

gains of  the speed and current controllers, respectively. The 

first PI controller generates the reference current for the second 

controller. In Fig. 4a, it is required to obtain the closed loop 

transfer function between the inductor current 𝑖̂𝑙
𝑤 and the 

reference current 𝑖̂𝑟𝑒𝑓
𝑤  for stability analysis purposes. The 

reference current-to-inductor current transfer function can be 

derived using the second line of (11) by substituting 𝑑̂𝑤 with 

[𝐺𝑐
𝑤(𝑖̂𝑟𝑒𝑓

𝑤 − 𝑖̂𝑙
𝑤)] and applying superposition theorem, i.e. putting 

𝑣𝑔
𝑤 = 0. One can get the required transfer function as follow 

 

 𝑖 ̂𝑙
𝑤

𝑖 ̂𝑟𝑒𝑓
𝑤 =

𝐺𝑖𝑙𝑑
𝑤 𝐺𝑐

𝑤

1 + 𝐺𝑖𝑙𝑑
𝑤 𝐺𝑐

𝑤 (14) 

The stability of the current closed-loop of Fig. 3  depends on 

the roots of the denominator of (14) which is the characteristic 

equation (1 + 𝐺𝑖𝑙𝑑
𝑤 𝐺𝑐

𝑤 = 0). The coefficients of this equation are 

all positive which means that all roots are on the left half-plane 

of s-plane. i.e. the closed-loop current transfer function of (14) 

is stable.  

To analyse the stability of the DC-bus voltage (DC voltage of 

the turbine) with varying the wind speed, it is required to derive 

the transfer function between the voltage of the local DC-bus 

and the wind speed as per the simplified block diagram of Fig. 
4b. The required transfer function comprises two transfer 

functions which are 
𝑖̂𝑟𝑒𝑓

𝑤

𝑣̂𝑚
 and 

𝑣̂ 𝑜(𝑠)

𝑖̂𝑟𝑒𝑓
𝑤 . The transfer function from 

the wind speed to the reference current transfer function can be 

derived from the block diagram of Fig. 4a which yields 

 

 𝑖̂𝑟𝑒𝑓
𝑤 = 𝐺𝑠

𝑤 (𝜔𝑟𝑒𝑓
𝑤 − 𝜔𝑚

𝑤) 

 
𝑖̂𝑟𝑒𝑓

𝑤

𝑣𝑚
= 𝐺𝑠

𝑤 (𝑓(𝑃𝑊𝑚) −
𝑄𝑐

𝑤𝐾𝑡𝑣
𝑤

1 + 𝑄𝑐
𝑤𝑍𝑤) 

(15) 

 

Where 

𝑄𝑐
𝑤 =

1

(𝐽𝑚
𝑤𝑠 + 𝐵𝑚

𝑤 )
    , 𝑍𝑤 = 𝐾𝑡𝑖𝑞𝑠

𝑤 𝑌𝑤 + 𝐾𝑡𝑖𝑑𝑠
𝑤 𝑋𝑤 

 

𝑓(𝑃𝑊𝑚) = −0.5551𝑃𝑊𝑚
2 + 1.183𝑃𝑊𝑚 + 0.425 

 

𝑋𝑤 =
𝑎1

𝑤𝑠 + 𝑎2
𝑤

𝑏1
𝑤 𝑠2 + 𝑏2

𝑤 𝑠 + 𝑏3
𝑤       ,        𝑌𝑤 =

−(𝑎3
𝑤𝑠 + 𝑎4

𝑤 )

𝑏1
𝑤 𝑠2 + 𝑏2

𝑤𝑠 + 𝑏3
𝑤 

 

𝑎1
𝑤 = 𝐿𝑞𝑠

𝑤 𝐾𝜔𝑑
𝑤 , 𝑎2

𝑤 = 𝑅𝑠
𝑤 𝐾𝜔𝑑

𝑤 − 𝐾𝑖𝑞𝑑
𝑤 𝐾𝜔𝑞

𝑤 , 𝑎3
𝑤 = 𝐿𝑑𝑠

𝑤 𝐾𝜔𝑞
𝑤 , 𝑎4

𝑤 = 𝑅𝑠
𝑤 𝐾𝜔𝑞

𝑤 +

𝐾𝑖𝑑𝑞
𝑤 𝐾𝜔𝑑

𝑤 , 𝑏1
𝑤 = 𝐿𝑞𝑠

𝑤 𝐿𝑑𝑠
𝑤 , 𝑏2

𝑤 = (𝐿𝑞𝑠
𝑤 + 𝐿𝑑𝑠

𝑤 )𝑅𝑠
𝑤 , 𝑏3

𝑤 = 𝑅𝑠
𝑤 2 + 𝐾𝑖𝑑𝑞

𝑤 𝐾𝑖𝑞𝑑
𝑤 . 

 

The transfer function between the reference current 𝑖 ̂𝑟𝑒𝑓
𝑤  and the 

local bus voltage 𝑣𝑜  can be obtained using Fig. 3 and (11). From 

Fig. 3, one can obtain 𝑑̂𝑤 = 𝐺𝑐
𝑤 (𝑖𝑟̂𝑒𝑓

𝑤 − 𝑖𝑙̂
𝑤). From this equation, 

put the value of 𝑖𝑙̂
𝑤  into the second line of (11) afterwards solve 

for 𝑑̂𝑤 then put it in the first line of (11). One can get the DC-

bus voltage as a function of the reference current and the input 

voltage as follow 

 

 𝑣𝑜 =
𝐺𝑣𝑜𝑑

𝑤 𝐺𝑐
𝑤

1 + 𝐺𝑐
𝑤𝐺𝑖𝑙𝑑

𝑤 𝑖̂𝑟𝑒𝑓
𝑤 +

𝑛𝑢𝑚𝑤(𝑠)

1 + 𝐺𝑐
𝑤𝐺𝑖𝑙𝑑

𝑤 𝑣𝑔
𝑤  (16) 

 

where 𝑛𝑢𝑚𝑤(𝑠) = 𝐺𝑣𝑜𝑔
𝑤 (1 + 𝐺𝑐

𝑤𝐺𝑖𝑙𝑑
𝑤 ) − 𝐺𝑐

𝑤𝐺𝑖𝑙𝑔
𝑤  

By substituting 𝑖̂𝑟𝑒𝑓
𝑤  into (16) with its value from (15) one can 

obtain the overall transfer function of a wind turbine with  

PMSG and a boost converter as follow 

 

 
𝑣𝑜(𝑠) = (𝑓(𝑃𝑊𝑚) −

𝑄𝑐
𝑤𝐾𝑡𝑣

𝑤

1 + 𝑄𝑐
𝑤𝑍𝑤)(

𝐺𝑠
𝑤𝐺𝑣𝑜𝑑

𝑤 𝐺𝑐
𝑤

1 + 𝐺𝑐
𝑤𝐺𝑖𝑙𝑑

𝑤 )𝑣𝑤

+
𝑛𝑢𝑚𝑤(𝑠)

1 + 𝐺𝑐
𝑤𝐺𝑖𝑙𝑑

𝑤 𝑣𝑔
𝑤 

(17) 

 

As mentioned earlier, the tidal turbine has a similar dynamic 

behaviour as the wind turbine as per (1) with two differences. 

Instead of the air density, water density is considered for tidal 

case and water current speed is applied instead of wind speed. 

Also, the same configuration of wind turbine is considered for 

tidal turbine, so the overall transfer function of the wind turbine 

hold for the tidal turbine which can be copied from (17) 

considering the mentioned differences between the wind and 

the tidal turbines and the parameters of the turbine and the 

PMSG of each case. 

 

 
𝑣𝑜(𝑠) = (𝑓(𝑃𝑇𝑚) −

𝑄𝑐
𝑇𝐾𝑡𝑣

𝑇

1 + 𝑄𝑐
𝑇𝑍𝑇)(

𝐺𝑠
𝑇𝐺𝑣𝑜𝑑

𝑇 𝐺𝑐
𝑇

1 + 𝐺𝑐
𝑇 𝐺𝑖𝑙𝑑

𝑇 ) 𝑣𝑇

+
𝑛𝑢𝑚𝑇(𝑠)

1 + 𝐺𝑐
𝑇𝐺𝑖𝑙𝑑

𝑇 𝑣𝑔
𝑇  

(18) 

where 

𝑄𝑐
𝑇 =

1

(𝐽𝑚
𝑇 𝑠 + 𝐵𝑚

𝑇 − 𝐾𝑡𝜔
𝑇 )

   , 𝐾𝑡𝑣
𝑇 =

𝜕𝑇𝑚
𝑇

𝜕𝑣𝑇

]
𝑣𝑇0′𝜔𝑚0

𝑇 ′𝛽0
𝑇

      

 

𝑓(𝑃𝑇𝑚) = −0.5551𝑃𝑇𝑚
2 + 1.183𝑃𝑇𝑚 + 0.425  ,  

 

𝑍𝑇 = 𝐾𝑡𝑖𝑞𝑠
𝑇 𝑌𝑇 + 𝐾𝑡𝑖𝑑𝑠

𝑇 𝑋𝑇     ,      𝐾𝑡𝜔
𝑤 =

𝜕𝑇𝑚
𝑤

𝜕𝜔𝑚
𝑤]

𝑣𝑤0′𝜔𝑚0
𝑤 ′𝛽0

𝑤
 

 

𝑋𝑇 =
𝑎1

𝑇 𝑠 + 𝑎2
𝑇

𝑏1
𝑇 𝑠2 + 𝑏2

𝑇𝑠 + 𝑏3
𝑇       ,        𝑌𝑇 =

−(𝑎3
𝑇𝑠 + 𝑎4

𝑇)

𝑏1
𝑇𝑠2 + 𝑏2

𝑇𝑠 + 𝑏3
𝑇 

 

𝑎1
𝑇 = 𝐿𝑞𝑠

𝑇 𝐾𝜔𝑑
𝑇 , 𝑎2

𝑇 = 𝑅𝑠
𝑇𝐾𝜔𝑑

𝑇 − 𝐾𝑖𝑞𝑑
𝑇 𝐾𝜔𝑞

𝑇 , 𝑎3
𝑇 = 𝐿𝑑𝑠

𝑇 𝐾𝜔𝑞
𝑇 , 𝑎4

𝑇 = 𝑅𝑠
𝑇𝐾𝜔𝑞

𝑇 +

𝐾𝑖𝑑𝑞
𝑇 𝐾𝜔𝑑

𝑇 , 𝑏1
𝑇 = 𝐿𝑞𝑠

𝑇 𝐿𝑑𝑠
𝑇 , 𝑏2

𝑇 = (𝐿𝑞𝑠
𝑇 + 𝐿𝑑𝑠

𝑇 )𝑅𝑠
𝑇, 𝑏3

𝑇 = 𝑅𝑠
𝑇2

+ 𝐾𝑖𝑑𝑞
𝑇 𝐾𝑖𝑞𝑑

𝑇 . 

 

𝐺𝑠
𝑇 = 𝑘𝑠

𝑇 (1 +
1

𝑠

1

𝑇𝑠
𝑇

)  , 𝐺𝑐
𝑇 = 𝑘𝑐

𝑇 (1 +
1

𝑠

1

𝑇𝑐
𝑇

) 

𝐺𝑣𝑜𝑑
𝑇 =

𝑣𝑜(𝑠)

𝑑̂𝑇(𝑠)
= 𝐺𝑑𝑜

𝑇

(1 −
𝑠

𝜔𝑧
𝑇)

𝑑𝑒𝑛𝑇 (𝑠)
 , 𝐺𝑖𝑙 𝑑

𝑇 = (
2𝑉𝑜

𝐷̀𝑇

2
𝑅𝐿

𝑇
)

[1 + 𝑠0.5𝑅𝐿
𝑇𝐶𝑇]

𝑑𝑒𝑛𝑇 (𝑠)
 

𝐺𝑣𝑜𝑔
𝑇 =

𝑣𝑜(𝑠)

𝑣𝑔
𝑇 (𝑠)

= 𝐺𝑔𝑜
𝑇

1

𝑑𝑒𝑛𝑇 (𝑠)
  , 𝐺𝑖𝑙 𝑔

𝑇 =
𝑖𝑙̂
𝑇(𝑠)

𝑣𝑔
𝑇 = (

1

𝐷̀𝑇

2
𝑅𝐿

𝑇
)

[1 + 𝑠𝑅𝐿
𝑇𝐶𝑇]

𝑑𝑒𝑛𝑇 (𝑠)
 

𝑑𝑒𝑛𝑇 (𝑠) = (1 +
𝑠

𝑄𝑇𝜔𝑜
𝑇

+ ( 𝑠

𝜔𝑜
𝑇

)
2

), 𝐺𝑑𝑜
𝑇 =

𝑉𝑜

(𝐷̀𝑇)
, 𝜔𝑧

𝑇 =
𝐷̀ 𝑇

2𝑅𝐿
𝑇

𝐿𝑇

,    𝜔𝑜
𝑇 =

𝐷̀𝑇

√ 𝐿𝑇𝐶𝑇

 ,  𝑄𝑇 =

𝐷̀𝑇𝑅𝐿
𝑇 √

𝐶𝑇

𝐿𝑇

 , 𝐺𝑔𝑜
𝑇 =

1

𝐷̀𝑇

 , 𝐷̀𝑇 = (1− 𝐷𝑇). 

𝑛𝑢𝑚𝑇 (𝑠) = 𝐺𝑣𝑜𝑔
𝑇 (1 + 𝐺𝑐

𝑇 𝐺𝑖𝑙 𝑑
𝑇 ) − 𝐺𝑐

𝑇 𝐺𝑖𝑙 𝑔
𝑇  

 

𝑉𝑜, 𝐷𝑇, 𝐿𝑇  and 𝐶𝑇 are steady state values of the local bus voltage, 

duty cycle and the inductance and capacitance of the boost 

converter connected to a tidal turbine, respectively. 𝑃𝑇𝑚  is the 

mechanical output power of a tidal turbine. 𝑓(𝑃𝑇𝑚) is the MPPT 

algorithm which gives  the optimal per unit rotor speed as a 

reference at various mechanical input powers. 𝑣𝑔
𝑇 is the input 

voltage variations of the boost converter connected to a tidal 

turbine. 𝑣𝑇  is water current speed associated to a tidal turbine.      
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IV.  SYSTEM STABILITY ANALYSIS 

Equation (17) and (18) shows that the stability of the output 

voltage of the tidal/wind turbine depends on the characteristic 

equations (i.e. the denominators of the transfer functions of 

those equations which are  

 

 (1 + 𝑄𝑐
𝑤𝑍𝑤)(1 + 𝐺𝑐

𝑤𝐺𝑖𝑙𝑑
𝑤 ) = 0 

1 + 𝐺𝑐
𝑤𝐺𝑖𝑙𝑑

𝑤 = 0 

(1 + 𝑄𝑐
𝑇𝑍𝑇)(1 + 𝐺𝑐

𝑇 𝐺𝑖𝑙𝑑
𝑇 ) = 0 

1 + 𝐺𝑐
𝑇𝐺𝑖𝑙𝑑

𝑇 = 0 

 

(19) 

Routh-Hurwitz stability criterion states  for the closed-loop 

transfer function of a system to be stable, the characteristic 

equation of that system must have all zeros on the left half-

plane. To ensure that the characteristic equations of (19) have 

all zeros on the left half-plane, one should ensure their 

numerators have only positive coefficients. For the term 

(1 + 𝐺𝑐
𝑤𝐺𝑖𝑙𝑑

𝑤 ), it shows positive coefficients as the transfer 

functions 𝐺𝑐
𝑤 and 𝐺𝑖𝑙𝑑

𝑤  have only positive coefficients . Similarly , 

this analysis is valid for the characteristic equations  in (19) that 

having the similar term. To examine the term (1 + 𝑄𝑐
𝑤𝑍𝑤) , it is 

expanded to show its coefficients which yields  

 

 1 + 𝑄𝑐
𝑤𝑍𝑤 = 𝑔3𝑠 3 + 𝑔2𝑠 2 + 𝑔1𝑠 + 𝑔0 = 0 (20) 

where 

𝑔3 = 𝐽𝑚
𝑤 𝐿𝑞𝑠

𝑤 𝐿𝑑𝑠
𝑤  

 

𝑔2 = 𝐽𝑚
𝑤 (𝐿𝑞𝑠

𝑤 + 𝐿𝑑𝑠
𝑤 )𝑅𝑠

𝑤 + 𝐵𝑚
𝑤 𝐿𝑞𝑠

𝑤 𝐿𝑑𝑠
𝑤   

 

𝑔1 = 𝐽𝑚
𝑤[𝑅𝑠

𝑤 2 + (𝑃𝑝
𝑤 𝐿𝑑𝑠

𝑤 𝜔𝑚0
𝑤 )(𝑃𝑝

𝑤 𝐿𝑞𝑠
𝑤 𝜔𝑚0

𝑤 )] + 𝐵𝑚
𝑤 (𝐿𝑞𝑠

𝑤 + 𝐿𝑑𝑠
𝑤 )𝑅𝑠

𝑤   

+ 𝐿𝑞𝑠
𝑤 (𝑃𝑝

𝑤𝐿𝑞𝑠
𝑤 𝑖𝑞𝑠0

𝑤 )(1.5𝑃𝑝
𝑤(𝐿𝑑𝑠

𝑤 − 𝐿𝑞𝑠
𝑤 )𝑖𝑞𝑠0

𝑤 )

− 𝐿𝑑𝑠
𝑤 (𝑃𝑝

𝑤𝐿𝑑𝑠
𝑤 𝑖𝑑𝑠0

𝑤 )(1.5𝑃𝑝
𝑤[ѱ𝑟

𝑤 + (𝐿𝑑𝑠
𝑤 − 𝐿𝑞𝑠

𝑤 )𝑖𝑑𝑠0
𝑤 ]) 

 

 𝑔0 = 𝐵𝑚
𝑤 [𝑅𝑠

𝑤 2 + (𝑃𝑝
𝑤𝐿𝑑𝑠

𝑤 𝜔𝑚0
𝑤 )(𝑃𝑝

𝑤𝐿𝑞𝑠
𝑤 𝜔𝑚0

𝑤 )] + [𝑅𝑠
𝑤𝑃𝑝

𝑤 𝐿𝑞𝑠
𝑤 𝑖𝑞𝑠0

𝑤 −
(𝑃𝑝

𝑤𝐿𝑞𝑠
𝑤 𝜔𝑚0

𝑤 )(𝑃𝑝
𝑤𝐿𝑑𝑠

𝑤 𝑖𝑑𝑠0
𝑤 )](1.5𝑃𝑝

𝑤(𝐿𝑑𝑠
𝑤 − 𝐿𝑞𝑠

𝑤 )𝑖𝑞𝑠0
𝑤 ) − [𝑅𝑠

𝑤 𝑃𝑝
𝑤𝐿𝑑𝑠

𝑤 𝑖𝑑𝑠0
𝑤 +

(𝑃𝑝
𝑤𝐿𝑑𝑠

𝑤 𝜔𝑚0
𝑤 )(𝑃𝑝

𝑤𝐿𝑞𝑠
𝑤 𝑖𝑞𝑠0

𝑤 )](1.5𝑃𝑝
𝑤[ѱ𝑟

𝑤 + (𝐿𝑑𝑠
𝑤 − 𝐿𝑞𝑠

𝑤 )𝑖𝑑𝑠0
𝑤 ]) 

 

The steady state currents 𝑖𝑞𝑠0
𝑤  and 𝑖𝑑𝑠0

𝑤  are negative for PMSG. 

The coefficients 𝑔3 and 𝑔2 are positive values for both SPMSG 

and IPMSG. First, considering SPMSG (i.e. 𝑖𝑑𝑠0
𝑤 = 0 and 

(𝐿𝑑𝑠
𝑤 − 𝐿𝑞𝑠

𝑤 ) = 0) this means that 𝑔1 is positive as the third and 

fourth terms of 𝑔1 will be zero. The Coefficient 𝑔0  has a positive 

sign as the third term goes to zero. Secondly, if IPMSG 

considered (i.e. 𝐿𝑑𝑠
𝑤 ≠ 𝐿𝑞𝑠

𝑤 ), then the third term of 𝑔1 will turn 

to negative due to the negative sign of 𝑖𝑞𝑠0
𝑤  and the fourth term 

will turn to positive. Similarly the third term of 𝑔0 will turn to 

positive while the sign of the second term of this coefficient will 

be positive if (𝑃𝑝
𝑤𝜔𝑚0

𝑤 𝐿𝑑𝑠
𝑤 𝑖𝑑𝑠0

𝑤 > 𝑅𝑠
𝑤𝑖𝑞𝑠0

𝑤 ). The same analysis is 

applied to the characteristic equation of the tidal turbine in the 

third line of (19).  

 

V.  SIMULATION  

This section evaluates the performance of the proposed 

controller for extracting the maximum power from a variable 

speed wind/tidal turbines using a boost converter. It is worth 

mention that the pitch controller and the DC output voltage 

regulation are out of the scope of this paper which focus on 

analyzing the dynamic response of the tidal/wind turbine for 

extracting maximum power at and below the rated turbine 

power. 

 

Fig. 5. Wind turbine response at various wind speed and shows generator rotor 

speed, mechanical input and electrical output power and the output DC voltage  

 
Fig. 6 T idal turbine response at various current speed and shows generator rotor 

speed, mechanical input and electrical output power and the output DC voltage 

Fig. 5 shows the wind turbine response at various wind speed. 

The figures confirm the stability analysis provided in the 

previous section. The wind turbine is controlled in a stable way 

for extracting the maximum power using the boost converter. 

For example, at 30 s the wind speed changed from 4 to 12 m/s 

which result in increasing the output power from 112 kW to 3 

MW and this increases the rotor speed to around 1.5 rad/s. Fig. 

5 shows that the turbine DC output voltage is stable at various 

wind speed, although this voltage is not regulated as this out of 

the scope of this study as mentioned earlier, and this conforms 

the stability analysis built in the previous section based on 

equation (17).  
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Fig. 6 shows the dynamic response for 750 kW a tidal turbine. 

The turbine parameters are given in table I in the appendix. The 

figure shows that the turbine DC output voltage is stable at 

various tidal current speeds which confirm the stability analysis 

introduced in the previous  section based on (18).   

VI.  CONCLUSION  

The paper presented a modelling and stability analysis for a DC 

wind/tidal turbines based PMSG. The common configuration, 

in literature, for a DC wind turbine is a diode rectifier with boost 

or buck converter for extracting the maximum power. Two 

cascaded loops PI controller is used: the outer loop used for 

tracking the optimal turbine speed which gives the reference 

current to the inner loop. The inner loop used to help the 

inductor current of the boost converter tracking the reference 

current provided by the outer loop. A generalized small-signal 

model is derived for a wind/tidal turbines based PMSG and 

boost converter. Stability analysis is held for the output voltage 

of the turbine at various wind/tidal current speeds which shows 

the system is stable at all speeds. Simulation s etup is created 

using Matlab/Simulink for a wind and tidal turbines which 

confirm the stability of the turbines with the DC boost converter 

at various speeds.  
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VIII.  APPENDIX  

T ABLE I                    SYSTEM PARAMETERS LIST  

Description Wind Turbine Tidal Turbine 

Turbine parameters  

Rayed power (kW) 3000 750 

Rotor radius (m) 51 7.025 

Air density/ Water density (kg/m2) 1.225 1025 

Rated wind/current speed (m/s) 12 3 

PMSG parameters   
Generator pole pairs  26 26 

Shaft moment of inertia (kg.m2) 446e3 117e3 

Viscous friction (N.m.s) 0.001189 0.001189 

Stator phase resistance Rs (mΩ) 1.63 6.52 

Direct stator inductance (mH) 0.94 3.74 

Quadrature stator inductance (mH) 1.47 5.88 

Flux linkage (V.s) 8.295 8.295 

Boost converter parameters  
Input boost inductor, 𝐿 (mH) 1.7 1.2 

Output boost capacitor, 𝐶 (µF) 24.9 3 

Load impedance, 𝑍𝐿 (Ω) 2 3 

Switching frequency (kHz) 50 50 

System parameters  
Speed controller proportional gain, 𝑘𝑠𝑝 800 800 

Speed controller integral gain, 𝑘𝑠𝑖 0.03 0.03 

Current controller proportional gain, 𝑘𝑐𝑝 500 500 

Current controller integral gain, 𝑘𝑐𝑖 50 50 
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