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Abstract 
A major application case for drones is its usage as a flying video camera. Vibration excited by motors and 

wind reduces the video quality. Therefore passive and active vibration reduction mechanisms as 

electromotor enhanced gimbals are typically integrated. By means of these measures a good vibration 

reduction can be achieved. Nevertheless in certain operation conditions, still a reduced video quality is 

observed. As a typical phenomenon the rolling shutter effect is observed. This work presents the positive 

effect of a device for an active vibration reduction of a camera mounted on a quadrocopter. It focuses on 

the experimental identification of the vibration behaviour of the quadrocopter in different defined flight 

conditions. The effects of vibration excitation by wind and electromotors onto the acceleration of the 

camera are presented. According to the results an active vibration control system based on an 

electrodynamic actuator and velocity feedback is designed, realized and tested on test rig and in flight.  

1 Introduction 

1.1 Motivation 

In recent years, the maker scene has expanded in Europe and more events are showing the increasing 

interest in this field. The increasing numbers of Fabrication Laboratories (FabLab’s) are used by private 

persons and Start Up’s to realize own creative ideas. These so called “Makers” can fall back on open 

hardware and open source platforms that offer free instructions, scripts, routines and other source code. 

For example, the OpenAdaptronik platform offers information, tools and instructions on the topic of 

intelligent systems for vibration reduction that are freely accessible to anyone interested. OpenAdaptronik 

is a project that prepares the adaptronics for the maker movement in photonics. Within the frame of 

OpenAdaptronik, simple procedures for the design and integration of adaptronic measures in photonics are 

developed, discussed with the maker scene and published. Within the frame of the project, the 

implementation of active structures was to be demonstrated with the aid of three demonstrators using 

understandable and interesting examples. Besides the active mounting of a telescope and the active 

vibration isolation on a breadboard made of Lego bricks, the third demonstrator is the vibration reduction 

system in the digital camera of a quadrocopter that is presented in this paper.  

In drone cameras with CMOS sensor, the so-called "rolling shutter effect" or "jello effect" occurs. The 

cause of the effect is the functionality of the CMOS (complementary metal-oxide-semiconductor) sensor. 

With a CMOS sensor there is only one readout unit for reading one line of pixels. The consequence is that 

the lines must be read one after the other. The microcontroller of the camera determines which line is read 

at which time. The rolling shutter effect of the CMOS sensor is created by reading out the sensor lines at 

different times (at a CCD (charge-coupled device) sensor, all pixels are read simultaneously). 

The rolling shutter effect on an image is inversely related to the shutter speed compared to camera 

movement. When moving the camera or the object, shutter speed has to be as high as possible (e.g. 1/1000 

s) in order to obtain a sharp picture. The higher the shutter speed, the greater the rolling shutter effect 

(with the same movement). At a low shutter speed (e.g. 1 s), the readout time has relatively little influence 

on the image capture. Another way to avoid the rolling shutter effect is to reduce the disturbing vibration. 
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If the image is steady, there is no effect on the image quality by reading the lines one after the other. 

Mostly passive systems are used for vibration reduction. However, the isolation system reduces the high-

frequency vibration of the camera, but increases the natural frequency of the isolation system. Best 

reduction is offered by active isolation systems.  Active vibration-reducing systems on a drone occur in 

the form of gimbals (Figure 1). This combines gimbal mounts and brushless motor to compensate for 

rotary's movement and vibration of one to three axes. However, translational vibration can still lead to the 

rolling shutter effect, for example during fast climb or descent. Therefore, an inexpensive and simple 

system for active vibration reduction is developed within the scope of the OpenAdaptronik project. The 

aim is to implement the complete development with open source tools, to make the instructions for 

reproduction freely accessible and to use components that are easy to procure. The whole active vibration 

isolation system should not cost more than 50 euros. The quality and service life of expensive, commercial 

solutions cannot be achieved with the developed system, but it should still be able to be used over a longer 

period of time.     

  (a) (b)  

Figure 1: (a) Investigated quadrocopter with gimbal (including camera); (b) Gimbal with camera: Passive 

rubber mounts (marked blue) and BLDC motor (marked red) 

1.2 State of the art in science and technology 

In general, vibration of a camera results in a bad image quality of the camera record. In this chapter is 

explained how vibration of a quadrocopter arises and which solutions are being used to reduce the final 

vibrations of the camera recording.  

There are two main sources of vibration. At first, the BLDC Motor and secondly the control strategy of the 

BLDC motor and the quadrocopter. These vibration sources cannot be stated in general because there are 

different parts used on different quadrocopter which results in different vibration characteristics.  

The other aspect of vibration is the transfer path of vibration. The camera is mostly placed in a central 

position on the quadrocopter. How the vibrations are forwarded from the vibration sources (BLDC 

Motors) through the quadrocopter frame to the camera depends on the structural dynamic properties of the 

used frame [1]. 

In the following, the different solutions are presented how to reduce the vibration in the image of a camera 

mounted on a quadrocopter.  

Firstly, there are many software solutions for cameras aiming at the removal of vibration effects of an 

image [2][3][4]. The advantage of this solution is that there are no additional mechanical parts which can 

fail over the time. On the other side, the disadvantage is that the real time correction of the vibration needs 

high computation power. Additionally, the software solutions work with images already disturbed by 

vibration. Therefore, there is already an information loss in the image before the software correction 

begins to work. If there is no need to remove vibration in real time, there are many solutions for video 
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offline processing. Some examples for the offline software tools are Adobe After Effects, Wondershare 

Filmora, Deshaker etc. 

Secondly, the most efficient way to reduce the vibration is the prevention of vibration. The flight 

controller includes integrated sensors like accelerometer and gyroscope. These sensors are also measuring 

the unintended vibration which leads to bad control performance, increasing vibration.  To reduce 

vibration of the sensor, a noise attenuated sensor fusion can be used [5]. Additionally, mostly used ESCs 

(Electronic speed controller) have a square-wave driver because they are cheaper, more simple and easier 

to control in comparison to a sinusoidal driver [6]. To reduce vibration caused by the ESC, an ESC with a 

sinusoidal driver is advantageous. 

The ESC is controlling the rotation speed of the used BLDC motor which includes a propeller to transform 

the rotational force to a translational force. During this process the propeller produces vibration in 

dependency of the used material of the propeller and the structure. In general, a more stiff material like 

carbon fiber is advantageous with respect to vibration reduction [6]. In reference to the structure of the 

propeller, mostly used propellers are two bladed. A vibration reduction can be achieved using a propeller 

with four blades[7]. Nevertheless, the most important aspect is the proper balancing of the propeller. 

Vibration from an unbalanced propeller is caused by asymmetric centrifugal forces which are further 

caused by the asymmetrical distribution of mass and shape of the propeller. Nevertheless, there are various 

propeller balancers available to get a properly balanced propeller. 

The vibration produced by the propeller is forwarded through all parts of the frame to the camera sensor. 

In dependency on the previous aspects, the propeller is exciting vibration. This vibration is in dependence 

to the frequency attenuated or increased in the frame. The structural analysis of a hexacopter frame [8] 

results in measured resonance frequencies between 86 Hz and 330 Hz. To prevent vibration increase, it is 

recommended to set the operational frequencies of the rotor below the resonance frequencies of the frame. 

To increase the resonance frequencies of the frame, a material like carbon fiber with high stiffness can be 

used. 

Lastly, the most widely used market solution for vibration reduction of the camera is the gimbal. Gimbal 

is a device, connecting camera and frame of the quadrocopter. The gimbal can be divided in active and 

passive parts. The passive parts are spring and damper causing a low resonance frequency of the gimbal-

camera-system, thus reducing vibration at higher frequencies. On the passive suspension, the active part is 

disposed. For the active parts, there exist different variations with one two or three rotational axis. To 

reduce the vibration in one axis, a BLDC motor is used which acts against the vibration movement. The 

BLDC are controlled with a PID controller and the control state is the rotational velocity. 

By using most of these presented solutions, a vibration reduction of the camera can be achieved and a 

better record of the camera can be expected. The conclusion of the state of art technology is that an active 

translational vibration reduction like presented in this work is not common for a quadrocopter UAV 

(unmanned aerial vehicle). Furthermore, there is some potential of the active translational vibration 

reduction. 

1.3 Technical Background 

The usage of lightweight construction and a higher analysing precision is specific for the development of 

modern products. The effect of vibration, influencing the function or even causing damages, gets in the 

focus of the development process. Vibration induced from a quadrocopter into an attached camera reduces 

picture quality. Mentioned conventional passive vibration isolation methods are limited in their effect and 

cannot comply all demands. For vibration isolation, the mechanical path between a disturbance source and 

the structure that is to be isolated has to be designed. The design follows such way that a vibration 

reduction is yielded in a certain frequency range. This can be achieved by adding a stiffness element k, a 

damping element d and, if required, an actuator element A. The scheme of an isolation system is depicted 

in Figure 2 (a). Regarding the transmissibility of a passive isolation system between a disturbed part and 

an isolated part, the typical amplitude response is given in Figure 2 (b). As shown, the undamped isolator 

effects an increasing vibration isolation of -40 dB per decade in the frequency range above the resonance 
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of the mass-spring system. An arising drawback is the vibration amplification around resonance 

frequency. The amplification can be reduced by the integration of a damper, which however also reduces 

the isolation effect at higher frequencies. In addition to passive isolation, active isolation unites the 

advantages of damped and undamped systems as can be seen in Figure 2 (c). While broadband isolation 

remains at frequencies above the resonance, the vibration amplification in the resonance can be reduced 

equal to the effect of a damping element [9]. 
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Figure 2: Operational direction of the actuators and the resulting movement 

This paper shows the design process of the integration of an active isolation system into the passive 

Gimbal isolation of a video camera attached to a quadrocopter. 

1.4 Approach for active isolation system development 

In the beginning the demands on the active isolation system have to be defined. Therefore, the vibration of 

the camera on the quadrocopter is experimentally investigated during climb, stationary flight and descent. 

Furthermore the principal structural dynamic behavior of the gimbal and the camera attached to the 

quadrocopter is determined. On base of the experimental results, the scheme of the active isolation system 

is defined. A preliminary realized setup consisting of actuator, amplifier, controller and sensor is tested in 

laboratory. The single components as well as the active isolation system are numerically modelled and 

experimentally validated. The final setup of the active isolation system is integrated into the Gimbal of the 

quadrocopter. Its performance is tested in real flight condition. 
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2 Experimental vibration investigation 

As reference for the active vibration control system, the quadocopter is experimentally investigated. Both 

operational measurements during flight condition and structural identification using hammer excitation are 

conducted. During all measurements, the camera is attached to quadrocopter via elastic gimbal as shown 

in Figure 3 b). 

For structural identification of the gimbal-camera-system, the quadrocopter is excited close to the 

mounting point of the gimbal using hammer excitation as depicted in Figure 3 b). The responding 

acceleration amplitude is measured in three directions on the back side of the camera (x-direction equals 

horizontal flight direction, y-direction equals horizontal direction to the side, z-direction equals vertical 

direction) as shown in Figure 3 a). The first structural resonance of the gimbal-camera-system can be 

observed between 9 Hz and 20 Hz in dependence to the direction. 

 
 

 

b) 

 
a) 

Figure 3: Natural frequencies of the gimbal-camera-system in x-, y- and z-direction.  

a) Acceleration of the camera in response to hammer excitation 

b) Excitation and measurement points on the quadrocopter 

 

In flight condition, the acceleration of the camera is measured during stationary flight, descent and climb. 

The amplitudes of the acceleration spectra are shown in Figure 4 a). Two significant vibration 

amplifications are observed in the frequency range up to 400 Hz. The second amplification can be related 

to the rpm of the motor and becomes especially visible during stationary flight and climb, when the motor 

provokes highest thrust. According to datasheet, the rpm of the used motor MT2216 lies between 5600 

1/m (equal to approx. 93 Hz in 1
st
 order) and 8950 1/min (equal to approx. 149 Hz in 1

st
 order) in 

dependence to the torque load.  

As proven before, the first amplification can be related to the natural frequency of the gimbal-camera-

system. Though, this structural resonance is excited during all flight conditions, it becomes clearly visible 

during descent of the quadrocopter. 

excitation

measurement
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b) 

 
a) 

Figure 4: Camera vibration in vertical direction during stationary flight, descent and climb.  

a) Acceleration spectra during different flight conditions: stationary flight, descent, climb 

a.1) Vibration amplification due to natural frequency of the gimbal rubber mounts. 

a.2) Vibration amplification due to motor excitation in accordance to rpm 

b) Measurement point on the quadrocopter 

 

Besides wind flow effects, the structural resonance of the gimbal-camera-system is excited by 

discontinuous motor excitation. The signal output of the flight controller is shown in Figure 5 during 

approx. 5 minutes of quadrocopter operation. The time intervals of climb and descent flight situations are 

indicated blue and red respectively, the remaining time is stationary flight. Especially during descent, the 

motor controller gets a discontinuous signal from the flight controller, thus causing abrupt, impulse-like 

changes of motor torque, which result in a broad-band vibration excitation of the quadrocopter.  

 

Figure 5: Controller output during climb, descent and stationary flight 

 

  

measurement

a.1) 

a.2) 
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3 Active isolation system layout and development 

For optimization of vibration reduction, different actuator concepts as depicted in Figure 6 are 

investigated. The actuator itself is illustrated as a spring-damper system with actuation force Fact.  

 

 

Figure 6: Concepts for the active vibration control system, integrated in the gimbal 

In concept A and B, the actuator is serially connected to the passive components of the gimbal. Due to the 

serial connection, a lot of space is required and the lever between quadrocopter and camera is increasead. 

This results in a further amplification of camera acceleration due to rotatory quadrocopter vibration. The 

possibility of an unchanged gimbal design is the advantage of the serial connection. In the parallel 

configuration, shown in concept C, the actuator increases the passive stiffness and damping in the non-

active direction, thus resulting in a loss of passive isolation performance. Nevertheless, the effect of active 

damping is highest, due to the direct coupling of the actuator force. 

For the selection of a concept, numerical models of all system components are set up and experimentally 

validated. As controller, a velocity feedback is chosen as illustrated in Figure 7.  

 

Figure 7: Scheme of velocity feedback control 

The closed loop control circuit is depicted in Figure 7. The acceleration is captured using a MEMS 

acceleration sensor. The acceleration signal is integrated in order to achieve velocity. The velocity signal 

is amplidied by a P-controller in accordance to the amplification factor kP. The actuator amplifier is driven 

with the output signal of the P-controller, thus finally exciting the actuator. 

   

camera + 

gimbal 
𝑎camera 

 

b k 
actuator force F

act
 

acceleration sensor 

𝑘P 

controller 

with signal processing 

𝑎excitiation 

 

ACTIVE VIBRATION CONTROL 137



 

Figure 8: Closed loop control circuit of the velocity feedback vibration control 

Figure 9 shows the transmissibility of the active vibration isolation between quadrocopter and camera, 

comparing experiment and simulation. A good agreement between numerical model and experiment up to 

400 Hz can be proven. Furthermore, the acceleration amplification of the gimbal-camera-system that 

occurred approx. at 10 Hz can be reduced to zero. 

 

Figure 9: Transmissibility of the active vibration isolation system 

After validation of the single components and the holistic system, the concepts shown in Figure 6 are 

numerically compared. The results are shown in Figure 10. 

 

Figure 10: Transmissibility of the numerical comparison of concepts 
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According to the results, the highest vibration reduction (-12 dB) in comparison between all concepts can 

be achieved using concept C. A slight disadvantage is the reduced passive isolation effect at higher 

frequencies due to the one-mass isolation in comparison to the two-mass isolation. 

On base of the numerical results, concept C is chosen to be preliminary designed. 

4 Actuator setup and active isolation system testing 

In this chapter, the actuator setup and gimbal integration is presented. Before flight test, the functionality 

of the active system is tested in a laboratory. Finally, the performance of the active vibration control 

system is discussed. 

Experimental results show that the gimbal is performing rotational movements around the x-axis. 

Accordingly, the actuator setup is chosen. Consequently, the active vibration control system includes two 

actuators which are working in opposite direction in order to reduce the rotational movement of the 

gimbal. This relation is displayed in Figure 11.  

 

Figure 11: Operational direction of the actuators and the resulting movement 

The dimensioning and the design of the actuator are displayed in Figure 12. The two actuators are 

designed, following the electrodynamic principle. Each coil is guided by a 3D-printed guidance though the 

magnetic field of two neodymium magnets, used for each actuator. The 3D-printed guidance is part of an 

adaptor plate, attached to the original gimbal system. 

 

Figure 12: Dimensioning of the actuator 
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To test the functionality of the active vibration control system, the gimbal is clamped on a rigid 

breadboard and broad-band excited by electrodynamic excitation. 

The results in Figure 13 show that the active vibration system achieves a damping value of -6 dB in the 

resonance frequency of 11 Hz of the gimbal, using only one actuator.  

 

Figure 13: Performance measurement of the active vibration system on a test bench 

To verify if it is possible to achieve this damping performance during real flight, the system is mounted on 

the quadrocopter. The active isolation performance varies from flight to flight due to unequal flight 

condition. Thus, the results are a mean value of 5 descending flights with the active system turned off and 

5 descending flights with the active system turned on.  

 

Figure 14: Average acceleration spectra of the camera with integrated active vibration control system 

during descending flight 

The final result of the flights according to Figure 14 shows that the active control vibration system 

achieved a damping reduction of 24 % at the frequency of 11 Hz. However, the damping reduction of 

50 % on test bench is higher. This discrepancy could be explained with the following aspects: 

 Non-steady disturbances during the flight influences the performance of the active vibration 

control system 

 The deflection of the gimbal is higher during flight 
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5 Summary 

In this paper, the design, setup and test of an active isolation control system is described. The design is in 

accordance to the OpenAdaptronik project, where low cost components are used and the design as well as 

any programming code is published open source. 

As introduction, the effect of vibration on image quality of a camera attached to a Quadrocopter is 

described. State-of-the-art solutions to reduce vibration are presented. A standard commercially available 

system to reduce vibration is the gimbal. It consists of a BLDC motor to reduce the quasi-static movement 

and rubber mounts for passive vibration isolation. 

The vibration of a camera attached to a quadrocopter via gimbal is experimentally investigated. It is 

presented, that the natural frequency of the gimbal causes an increase in vibration especially during 

descent flight.  

Concepts to actively counter this increase using active velocity feedback are depicted and numerically 

compared. The most promising concepts, a parallel integration of the actuator into the gimbal, is realized 

and tested in laboratory. 

Final tests of the active vibration control system during flight prove a certain vibration reduction of the 

actively vibration controlled camera. 
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